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The Commissioner is hereby authorized to charge any additional fees that may be due, for 
further extensions of time or any other purpose associated with this submission, or credit any 
overpayment, to Appellants' undersigned counsel's deposit account number 20-0531 with 
reference to docket number MLB-038. 

REAL PARTY IN INTEREST 

The real party in interest is the Massachusetts Institute of Technology, the owner of the 
present application. 

RELATED APPEALS AND INTERFERENCES 

The Appellants and the Appellants' legal representative are unaware of any other appeals 
or interferences that will directly affect or be directly affected by or have a bearing on the 
Board's decision in the pending appeal. 

STATUS OF CLAIMS 

The application as filed contained 45 claims, which were made subject to a restriction 
requirement. Applicants elected claims 1-34 for prosecution, and subsequently canceled claim 
29 in the amendment filed on February 15, 2000. Accordingly, claims 1-28 and 30-34 remain 
pending and subject to the present appeal. The claims on appeal appear in the Appendix attached 
hereto. 

STATUS OF AMENDMENTS 

No amendments have been filed subsequent to the Office action mailed on June 15, 2001. 
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SUMMARY OF INVENTION 

The present invention involves electronically addressable displays that may be fabricated 
using printing techniques. 1 In particular, printing processes can be used to deposit the electrodes, 
insulating material, the display itself, and an array of nonlinear devices to facilitate addressing. 2 
Accordingly, fabrication of the displays of the present invention may be accomplished at 
significantly lower cost and with far less complexity than would obtain using other fabrication 
technologies. 

As set forth in the claims, a display in accordance with the present invention comprises a 
first set of display electrodes associated with a first layer; a second set of display electrodes 
associated with a second layer distinct from the first layer and disposed in an intersecting pattern 
with respect to the first set of electrodes, the first and second sets of electrodes not contacting one 
another; a particle-based, nonemissive display; and a plurality of nonlinear elements. 3 

The display and the nonlinear elements are sandwiched between the first and second 
display electrode layers so as to electrically couple at least some electrodes of the first layer with 
corresponding electrodes of the second layer at regions of intersection. This facilitates actuation 
of the display by the electrodes at the regions of intersection. 

Accordingly, the present claims recite a structure (seen in truncated end view) as follows: 



Specification at page 5, lines 6-7. 
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Display Electrode 



Display 
Nonlinear Element 
Display Electrode 



The purpose of this construction is to allow the nonlinear element to govern switching of 
the display. Unless both intersecting electrodes sandwiching a display element are energized, the 
voltage across the nonlinear element will not exceed the element's threshold, so very little 
current will flow between the electrodes; as a result, the display will not be activated 
inappropriately. It is for this reason that the claims require the display and nonlinear elements to 
electrically couple the electrodes — i.e., they are in series. A 

ISSUES 

The issue on appeal is whether claims 1-28 and 30-34 are patentable under 35 U.S.C. 
§ 103(a) over article by Chiang et al. entitled, "A High Speed Electrophoretic Matrix Display" 
("Chiang") in view of U.S. Patent No. 5,220,316 to Kazan ("Kazan"); U.S. Patent No. 5,216,530 
to Pearlman et al. ("Pearlman"); and Japanese Patent No. 64-86226 to Inoue et al. ("Inoue"). 



2 See FIGS. 1.4A-4D. 

3 See, e.g., FIG. 4B. 

4 Specification at page 12, lines 4-5. 
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GROUPING OF CLAIMS 



Appellants believe that the claims stand or fall together. 

ARGUMENT 

As a preliminary matter, Appellants note that the Examiner reopened prosecution in light 

of the "Applicant's persuasive arguments in the Appeal Brief filed on 7/25/2003. " 5 This 

statement and the remainder of the Post- Appeal Communication indicates that the Examiner 

finds our prior arguments persuasive, but ultimately mooted given Chiang 6 and the alleged 

printing features of Kazan, Pearlman, and Inoue. Appellants respectfully submit that Chiang 

does not teach or suggest the structure recited in claims 1-28 and 30-34, and therefore request 

reinstatement of the appeal and consideration of the arguments presented below. In addition, 

Appellants refer to the arguments made with regard to Kazan 7 and the other secondary references 

in the Appeal and Reply Briefs filed respectively on November 14, 2001 and February 14, 2002. 

I. Claims 1-28 and 30-34 constitute non-obvious subject matter and are patentable 
over Chiang in view of Kazan, Inoue, and Pearlman. 

As explained above, the present claims require the display and nonlinear elements to be 

sandwiched between the first and second electrode layers. Moreover, the first and second 

electrode layers form an intersecting pattern, and the sandwiched display and nonlinear elements 

must electrically couple electrodes of the first and second layers where they intersect. 

5 Post-Appeal Communication mailed October 30, 2003 at 2. Appellants assume that the Examiner actually is referring to the 
Reply Brief filed with a Corrected Appeal Brief on February 14, 2002 as no Appeal Brief was filed on July 25, 2003. 

6 Appellants include a clean copy of the Chiang reference that was obtained after receipt of the Post-Appeal Communication as 
Exhibit A. The improved quality of this copy facilitates evaluation of the actual structure disclosed by Chiang. 

7 The Examiner expressly concedes that "Kazan does not teach ... the display and the nonlinear elements being sandwiched 
between the first and second electrode layers so as to electrically couple at least some of the electrodes of the first layer with 
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Additionally, the claims require that actuation of the display occurs at the regions of intersection. 
These features are nowhere disclosed or suggested in the cited art. 

A. The Chiang Reference 

Chiang does not show a nonlinear device sandwiched between two display electrodes 
disposed in an intersecting pattern as required by the present claims. Instead, the relevant 
portions of Chiang's semiconductor structure include a complex arrangement requiring/owr 
electrodes. In particular, Chiang teaches one type of column electrode and three types of row 
electrodes (capacitor, pixel, and transparent), but does not provide a detailed description as to 
how they all are interconnected and addressed. Nonetheless, what is clear in Figure 1 of Chiang 
is that the placement of the varistor material occurs below the display. Specifically, the varistor 
is disposed between the column electrode and the capacitor row electrode. Therefore Chiang's 
regions of intersecting row and column electrodes cannot sandwich the display material as 
claimed because the display material is positioned above these regions of intersection. The 
nonlinear device is sandwiched between display electrodes but the display is outside the 
sandwich. Further, any possible regions of intersection between the column electrode and the 
pixel row electrodes are likewise disposed below the display and incapable of sandwiching the 
display material as claimed. 

Moreover, Figure 1 reveals that any electrical coupling that occurs at points of electrode 
intersection must be between the capacitor row electrode and the column electrode, which do not 
sandwich the display material. Chiang's discussion relating to the charging of the storage 
capacitors through the varistor layer in combination with the positioning of the layers in Figure 1 

corresponding electrodes of the second layer at regions of intersection." See Office Action mailed on June 15, 2001 (hereafter 
the "6/15/01 Office Action") at 3. 
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supports this interpretation. Consequently, the topmost transparent row electrode and the 
column electrode are not electrically coupled at regions of intersection. This follows because any 
interaction between the bottom column electrode and the top transparent row electrode must 
occur indirectly, i.e., by way of the capacitor row electrode and the pixel electrode. Thus the 
nonlinear device (varistor) does not electrically couple the display electrodes nor are the 
transparent electrode and column electrode electrically coupled, as required by the present 
claims. 

Furthermore, the present claims require that "actuation of the display by the electrodes" 
occur "at said regions" of intersection. Actuation in Chiang occurs beneath the display material 
through the interaction of the pixel, capacitor, and column electrodes. Consequently, the 
actuation approach claimed by the Appellants is not met by Chiang. 

B. The Secondary References 

The Post- Appeal Communication concedes that "Chiang et al. lacks said printing 
technique as claimed" 9 ; Chiang is cited solely for its alleged structure. To cure this deficiency, 
the Examiner cites "the printing technique which is provided by Kazan, Pearlman, and Inoue." 10 
Whatever these references disclose in terms of printing, certainly they do not provide the 
sandwich structure that Chiang lacks. The Examiner does not contend otherwise. Therefore, 
Appellants submit that claims 1-28 and 30-34 are novel and non-obvious at least because none of 
the cited references, alone or in combination teaches all of the limitations set forth in the claims. 



Chiang at page 1 14, paragraph 2. 

9 Post-Appeal Communication mailed October 30, 2003 at 4. 

10 Id. at 2. 
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CONCLUSION 

For all of the foregoing reasons we submit that the Examiner's rejections of claims 1-28 
and 30-34 were erroneous, and reversal thereof is respectfully requested. 



Respectfully submitted, 




3011384 
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APPENDIX 

1. A printable electronic display comprising: 

a. a first set of display electrodes associated with a first layer; 

b. a second set of display electrodes associated with a second layer distinct from the first 
layer and disposed in an intersecting pattern with respect to the first set of electrodes, 
the first and second sets of electrodes not contacting one another; 

c. a particle-based, nonemissive display; and 

d. a plurality of nonlinear elements, 

the display and the nonlinear elements being sandwiched between the first and second display 
electrode layers so as to electrically couple at least some electrodes of the first layer with 
corresponding electrodes of the second layer at regions of intersection and thereby facilitate 
actuation of the display by the electrodes at said regions. 

2. The display system of claim 1 wherein the nonemissive display is an electrophoretic display. 

3. The display system of claim 1 wherein the nonemissive display is a rotating-ball display. 

4. The display system of claim 1 wherein the nonemissive display is an electrostatic display. 

5. The display system of claim 1 further comprising a thin, flexible substrate. 

6. The display system of claim 1 wherein the first and second sets of electrodes are each arranged 
in a planar configuration, the electrodes of the first set being orthogonal to the electrodes of the 
second set. 

7. The display system of claim 6 wherein the electrophoretic display material and the nonlinear 
elements are arranged in planar form and sandwiched between the first and second sets of 
electrodes. 
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8. The display system of claim 1 wherein the electrophoretic display comprises a plurality of 
discrete, microencapsulated electrophoretic display elements. 

9. The display system of claim 8 wherein the electrophoretic display comprises: 

a. an arrangement of discrete microscopic containers, each container being no longer than 
500 jam along any dimension thereof; and 

b. within each container, a dielectric fluid and a suspension therein of particles exhibiting 
surface charges, the fluid and the particles contrasting visually, the particles migrating 
toward one of the sets of electrodes in response to a potential difference therebetween. 

10. The display system of claim 1 wherein the first and second sets of electrodes are printable, at 
least one of the sets of electrodes being visually transparent. 

11. The display system of claim 1 wherein the nonlinear elements are printable. 

12. The display system of claim 1 wherein the electrophoretic display is printable. 

13. The display system of claim 1 1 wherein the nonlinear elements are a print-deposited ink 
exhibiting a nonlinear electrical characteristic. 

14. The display system of claim 13 wherein the ink comprises: 

a. a binder for printing; and 

b. ZnO particles doped with at least one compound selected from the group consisting of 
sintered ZnO, Sb 2 0 3 , MnO, Mn0 2 , Co 2 0 3 , CoO, Bi 2 0 3 and Cr 2 0 3 . 

15. The display system of claim 14 wherein the binder comprises ethyl cellulose and butyl 
carbitol. 

16. The display system of claim 15 wherein the binder further comprises a glass frit. 

17. The display system of claim 15 wherein the binder comprises an epoxy resin. 

18. The display system of claim 15 wherein the binder comprises a photohardenable resin. 
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19. The display system of claim 13 wherein the ink comprises: 

a. a binder for printing; and 

b. a doped, particulate silicon. 

20. The display system of claim 19 wherein the binder comprises ethyl cellulose and butyl 
carbitol. 

21. The display system of claim 19 wherein the binder further comprises a glass frit. 

22. The display system of claim 19 wherein the binder comprises an epoxy resin. 

23. The display system of claim 19 wherein the binder comprises a photohardenable resin. 

24. The display system of claim 1 wherein the electrodes comprise a print-deposited conductive 
ink. 

25. The display system of claim 19 wherein the electrodes comprise a print-deposited conductive 
ink providing a rectifying contact to the silicon. 

26. The display system of claim 24 wherein the ink is transparent. 

27. The display system of claim 24 wherein the ink comprises indium tin oxide. 

28. The display system of claim 1 wherein each set of electrodes is arranged in lanes with spaces 
therebetween, and further comprising an insulating material located in the spaces. 

29. (Canceled) 

30. The display system of claim 1 wherein the nonlinear elements comprise Schottky diodes. 

31. The display system of claim 1 wherein the nonlinear elements comprise PN diodes. 

32. The display system of claim 1 wherein the nonlinear elements comprise varistors. 

33. The display system of claim 1 wherein the nonlinear elements comprise silicon films formed 
from silicide salt. 

34. The display system of claim 1 wherein the nonlinear elements comprise a polymer conductor. 
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Introduction 

The electrophoretic (EP) display is a passive device noted for its 
high contrast, wide viewing angle, non volatile storage and low 
power consumption. 1 However, due to its lack of well-defined 
thresholds, an active matrix is often necessary to control individual 
pixels in a large information content display. The use of such 
active matrices as thin film transistor arrays 2 and silicon transistor 
arrays 3 has long been considered but not realized. Since 1978, 
Castleberry has reported a much simpler approach for the active 
matrix 4 5 which is also applicable to the EP medium. The metal 
oxide varistor controlled liquid crystal display was built by applying 
only appropriate electrode and insulator patterns to a wafer of the 
varistor and using it as the rear cell wall. We will report here the 
first application of the varistor driving scheme to a high speed EP 
matrix display. 

Design Considerations 

Figure 1 shows one of the structures used in a varistor- 
capacitor array driven electrophoretic (VCEP) device. The 
symmetrical breakdown vcltage threshold of the varistor allows for 
matrix addressing by a 2V/1V or 3V/1V scheme in either image 
sense. The local storage capacitors will facilitate much shorter 
address time than the natural response time of the EP medium. 

In designing the VCEP device for operation with the 2V/1V 
scheme, the following conditions must be met: 

1. The half select voltage, V h , must be lower than the varistor 
breakdown voltage, V b . 

2. The capacitance of the storage capacitor, C s , should be much 
larger than that for the varistor, C v . 

3. The net voltage drop across a fully selected EP pixel. 2V h -Vt,, 
should be high enough to give reasonable response time. This 
is about 50 volts. 

4. The charge stored in the capacitor, C s (2V h -V b ), must be large 
enough to transport all the particles across the EP layer. This is 
about 100 nC/cm 2 . 

5. The RC time for charging C s through the varistor in the on-state 
must be shorter than the the address time. 

6. The RC time for C s to leak through the varistor in the off-state 
must be longer than the natural response time of the EP 
medium, i.e., 20 ms. 

Device Construction 

According to the considerations above, the present VCEP 
device is built on a 17 mil wafer cut from a 2 in. diameter 
commercial varistor device. The 31 l/in. 1 in. 2 active area contains 



a 32x32 matrix or 1024 pixels. The insulators are dry film 
photoresists and Al is used in alt electrodes. The capacitors are 
formed by fabricating a second set of row electrodes under each 
row of pixel electrodes and separating them by a layer of dielectrics 
using Al 2 0 3 . Ta 2 O s or photoresists. The 2 mil thick EP layer 
consists of a dispersion of positively charged Ti0 2 white particles in 
a blue dielectric fluid. 

The yield in a given VCEP device has been consistently above 
90%. In a random check of the V I characteristics of the varistor 
elements on a wafer, the breakdown voltage varied by 5 volts out of 
70 volts. 

Device Operation 

Figure 2 shows several graphical and alphanumeric images on 
the VCEP device in actual size. These were written row-at-a time by 
applying 20/xs , ±70 volt pulses to the selected row and column 
electrodes. A 1000 line display would require a 20 ms frame time or 
be driven at 50 frames/sec. This amounts to a 0.1% duty factor. 
Since the EP medium exhibits memory, no refreshing is necessary. 
Power consumption can be further reduced. 

Conc l usion 

We have demonstrated a high speed electrophoretic matrix 
display which retains its attractive image qualities at the achieved 
resolution. Although the varistor controlling technique can be 
theoretically scaled to larger areas and higher resolution, the 
availability of such EP displays depends on the availability of 
varistors of finer grain size and larger area. 
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ABSTRACT 



A control circuit comprises a combination of two or 
more nonlinear resistor elements having a common 
electrical junction and a nonlinear current/voltage 
characteristic, the impedance at the common electrical 
junction being controlled in accordance with switching 
voltages applied to the nonlinear resistor elements. 
These nonlinear resistor elements may be connected to 
one terminal of a load element, such as a liquid crystal 
element or a printing element An array of such load 
elements, such as printing elements or liquid crystal 
elements of the microencapsulated type, combined with 
these nonlinear resistor elements form, respectively, a 
printing engine or display device. The nonlinear resistor 
elements are composed of semiconducting or conduct- 
ing powder particles bonded together with an insulating 
or seniiconducting binder. 

14 Claims, 2 Drawing Sheets 
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tor dements are employed, there has been a growing 
NONLINEAR RESISTOR CONTROL CIRCUIT interest in the use of such semiconductor elements in 
AND USE IN LIQUID CRYSTAL DISPLAYS place of the three terminal transistor elements. 

Of the various active matrix display devices which 
This is a continuation of copending application Ser. 5 incorporate two terminal semiconductor elements, sev- 
No. 07/375,133 filed JuL 3, 1989, now abandoned. era! make use of one or more rectifying diode elements 

*Arirr,pnTTicn of thp TwvPMnnw at ^ystal element In one arrangement, as 

BACKGROUND OF THE INVENTION described, for example, in the paper **A Novel Back-to- 

This invention relates to switching circuits and in Back Diode Element for Addressing LCDs** by T. Sato 

particular to nonlinear resistor control circuits and their 10 et aL, in the 1987 Digest of the Society for Information 

applicability to devices for display or printing. Display, pp. 59-61, a pair of back-to-back rectifying 

Of the various forms of flat-panel displays being de- diodes is connected in scries with each liquid crystal 
veloped for television and other electronic applications, element In another arrangement, a pair of parallel di- 
those making use of liquid crystal technology constitute odes of opposite polarity is connected in series with 
one of the most important types. Much of the interest in 15 each liquid crystal element as described in the paper, 
such displays derives from their low voltage, low cur- **An LC-TV Display Controlled by a-Si Diode Rings** 
rent requirements as well as their low cost and rela- by S. Togashi et aL, in the Proceeding? of the SID, Vol. 
trvely long operating life. In their simplest form, such 26QX pp. 9-15, 1985. In a third arrangement, two di- 
displays consist of a matrix of twisted nematic liquid odes of the same polarity are connected in series with 
crystal elements addressed by means of voltages applied 20 each other, with the junction of these diodes connected 
to them by a set of X and Y electrodes. As is well to the liquid crystal dement, as described in the paper, 
known in the art, however, while such displays can M A New Amorphous-Silcon Alloy PIN Liquid Crystal 
produce satisfactory images when the number of rows Display** by Z. Yaniv et aL in the 1986 Digest of the 
of picture elements is limited, their contrast and viewing Society for Information Display, pp. 278-280. In place of 
angle becomes progressively smaller as the number of 25 rectifying elements, other schemes have also been ex- 
rows of picture elements is increased. In practice, satis- plored in which an electrically-symmetrical nonlinear 
factory display panels of this type can be made which resistive element is connected in series with each liquid 
contain less than about 100 to 200 rows of elements. crystal element An example of such a scheme is de- 
Although the number of rows can be somewhat in- scribed in the paper, M The Optimization of Metal- 
creased by using some of the newer forms of liquid 30 Insulator-Metal Nonlinear devices for Use in Multi- 
crystals materials, such as, the "super-twisted" and fer- plexed Liquid Crystal Displays" by D. R. Baraffet al. in 
roelectric types, the long response time of the former the IEEE Transactions on Electron Devices, VoL ED-28, 
and the absence of gray scale of the latter make these pp. 736-739, 1981. 

alternative approaches unsuitable for television and In all of the above schemes, the fabrication of a large 
other applications where images involving motion and 35 area display, for example, 12"xl2" is size or larger, 
containing gray scale are required. poses several special problems. Aside from the increas- 
To overcome the limitations of X-Y addressed twist- ing difficulty of avoiding defective circuit elements as 
ed-nematic displays and allow their use in high-resolu- the number of picture elements is increased, the costs of 
tion or high-defmition-television (HDTV) displays con- panel fabrication are greatly increased since fabrication 
taining a large number of rows of picture elements, a 40 of the required diode semiconductor elements requires 
variety of "active matrix** schemes have been devel- the use of vacuum systems specially designed for pro- 
oped in which one or more, semiconductor elements are cessing such large substrates. In addition, since the glass 
provided for each liquid crystal element. In all these plates confining the liquid crystal layer must be main- 
schemes, the semiconductor elements serve to more tamed at a uniform spacing, for example, 5 pun over the 
efficiently block the addressing signals from reaching 45 entire area, further fabrication, problems are encoun- 
unselected liquid crystal elements during the line-by- tered. 

line addressing cycle. In addition, they prevent the It is an object of this invention to simplify the basic 

capacrtive electric charges established across the liquid structure of a display panel or printing array to lower 

crystal elements by the signal voltages during address- the cost of fabrication and reduce the possibility of 

ing from rapidly leaking off the elements between sue- 50 defects in a multi-element large area device. Another 

cessive addressing cycles, thus increasing the amount of object of this invention is to enable the fabrication of the 

light modulation produced. semiconductor circuit elements of an image generating 

The semiconductor elements used for this purpose device in a normal room environment, thus avoiding the 

are generally in the form of field-effect transistors or need for processing the device in a vacuum system. Still 

diodes. These are fabricated from a material such as 55 another object of this invention is to enable the fabrica- 

sflicon in amorphous or polycrystalline form to enable tkm of a display device on a thin layer of plastic mate- 

the deposition of multi-element arrays at relatively low rial in which tiny liquid crystal cells are encapsulated, 

temperature on a large area substrate. Although dis- thus avoiding the difficulties of providing conventional 

plays making use of field effect transistors have re- liquid crystal layers with uniform thickness over a large 

cerved the most attention until now, various factors 60 area. 

make this approach difficult. Among these are obtaining „^ ^™r^^»~^ 

a high yi«M oftLsitfMS with the deseed electrical SUMMARY OF THE INVENTION 

characteristics, instability and drift of the transistor According to this invention, a control circuit com- 

characteristics with time, and short circuits occurring at prises a combination of two or more nonlinear resistor 

the many crossover points of the conducting lines re- 65 elements having a common electrical junction and a 

quired for such large arrays of transistor and liquid nonlinear current/voltage characteristic, the impedance 

crystal elements. Since many of these problems are at the common electrical junction being controlled in 

reduced or rfimtnatprf when two terminal semiconduc- accordance with bias voltages applied to the nonlinear 
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resistor dements. These nonlinear resistor elements may ground. The signal voltage, V A will now cause a cur- 
be connected to one terminal of a load element, such as rent to flow through the IX element 12, buflding up a 
a liquid crystal element or a printing element or a dis* charge across it in accordance with the magnitude of 
play element or the like. An array of such load elements, V b and resulting in a corresponding change in its light 
such as printing elements or liquid crystal elements of 5 transmission. 

the micro-encapsulated type, combined with these nan- FIG. 3 illustrates the circuit arrangement of a multi- 
linear resistor elements form, respectively, a printing element display device consisting of picture elements 
engine or display device. The nonlinear resistor ele- comprising the combination of LC element 12 and non- 
. ments are composed of senuconducting or conducting linear resistor elements 14 and 16 of FIG. 1. It should be 
powder particles bonded together wfth an insulating or 10 noted that in FIG. 3, to simplify the switching circuit, 
senuconducting binder. the two nonlinear resistors 14 and 16 associated with 

Other objects and attainments together with a fuller each liquid crystal element 12 are made equal in value, 
understanding of the invention will become apparent Le., Rj=R.2=R. Tins also allows the use of switching 
and appreciated by referring to the following descrip- voltages, +V and —V, of equal magnitude. In opera- 
tion and claims taken in conjunction with the accompa- IS tion, the rows of LC elements are sequentially ad- 
nytng drawings. dressed. For example, to address the row of LC ele- 

™* * nm .r^o ments, LCi i, LCu and LCu, pulse voltages + V and 

BRIEF DESCRIPTION OF THE DRAWINGS applied to the tennimrfs X,' and xT", respec- 

FIG. 1 is a circuit arrangement comp ris ing two non- trvely, and video input signals are simultaneously ap- 
linear resistor elements coupled to a single load element. 20 plied to terminals Yi, Y2 and Y3, allowing the liquid 

FIG. 2 is a graphic illustration of the nonlinear cur- crystal elements of this row to be charged in accor- 
rent/vohage characteristic of the nonlinear resistor dance with the magnitude of the signal voltages. During 
dements. the next time interval, pulses + V and —V are applied 

FIG. 3 is an electrical schematic diagram of a nine- to terminals X2' and X2" while video input signals are 
element display or printing device comprising this in- 25 again applied to terminals Yt, Y2 and Y3, resulting in 
vention. signal voltages appearing across the liquid crystal ele- 

FIG. 4 is a plan view of a nine-element display or ments, LC2J, UC22. and In a similar manner, the 
printing device comprising this invention. remaining rows of the array are addressed. 

. « ,™ ,™ _„ As is commonly the practice in other liquid crystal 

DETAILED DESCRIPTION OF THE ^ h may be desirable to reverse thVpolarity of 

PREFERRED EMBODIMENTS the addressing signals, V* on successive frames to avoid 

FIG. 1 shows the circuit arrangement 10 of a single any substantial dc bias from appearing across LC ele- 
element of an image generating device designed in ac- ments 12. In addition, if there is any unbalance in the 
cordance with the present invention. As indicated, a conductivity of the two resistors 14 and 16 associated 
signal voltage, V A is applied to one terminal of a load 35 with a load element 12, a small voltage may appear at 
element 12, such as a liquid crystal element or a printing the junction M between them when the pulse voltages 
element or a display element or the like. For purposes of +V and —V, are applied to the pairs of terminals X' 
explanation of die invention, reference will be made to and X" of each row of elements. To avoid the effects of 
load element 12 as a liquid crystal element (LC) ele- this, it may also be desirable, after each successive frame 
ment, although this element may also be a printing ele- 40 or groups of frames, to reverse the polarity of all the 
ment in a marking engine or other type of energizable switching voltage pulses, +V and —V, applied to the 
display element The other terminal of load element 12 successive rows of load elements 12. 
is connected to the junction M of nonlinear resistor Although various types of nonlinear resistive materi- 
elements Ri and R2at 14 and 16 via conductor 18: Each als are capable of fulfilling the above requirements, 
of these resistors 14 and 16 has a superlmear current- 45 most of these require special preparation procedures 
/voltage characteristic, such as illustrated in FIG. 2, such as vacuum deposition of materials or sintering at 
whereby the current increases, for example, as the fifth high temperature, making them incompatible with a 
or higher power of the applied bias voltage. As shown polymer substrate. For example, although highly non- 
in FIG. 2, depending on the bias voltage maintained linear resistive elements can be prepared by sintering 
across such a resistor, its incremental resistance can be 50 together suitably doped grains of ZnO, this requires a 
greatly varied. For example, at a bias voltage dose to firing temperature of about 1100* C well above the 
point 0, the slope of the curve is very low, making the melting point or decomposition temperatures of mated- 
incremental resistance very high, while at bias voltages als such as glass or plastic. The use and pr ope r ties of 
+V^or — V^,the slope of the curve is high, malting the such material is described in the paper, **2"X5" Varis- 
incremental resistance very low. 55 tor-Controlled liquid Crystal Matrix Display**, by D. 

With switches Si and S2 of FIG. 1 at 20 and 22, both E. Castleberry and L. M. Levinson in the 1980 Digest of 
held in position 1, essentially no voltage is applied the Society for Information Display, pp. 198-199. To 
across resistors 14 and 16. Since their incremental impe- overcome this restriction, the present invention is based 
dance is very high, the signal voltage, V, is prevented on the use of powder binder nonlinear resistance ele- 
from charging LC element 12. However, if both 60 ments composed of small particles of semiconductor or 
switches 20 and 22 are shifted to position 2, the rela- conductive material held in sufficiently close proximity 
tively large voltage difference, Le., V1+V2, due to to each other by an insulating or slightly conductive 
coupling to sources 24 and 26, applied across resistors binder to allow current Clow to occur such as by dec- 
14 and 16 results in a substantial current flow through tron tunneling from particle to particle. An example of 
them causing the junction M to have a very low incre- 65 such a powder-binder nonlinear resistance material is 
mental resistance. Assuming that the ratio of the volt- described in the paper, M An Electroluminescent Digital 
ages Vi and V2 is properly chosen, point M will also Indicator With a Silicon Carbide Coding Matrix" by D. 
remain at zero potential with a very low impedance to H. Mash in the Journal of Scientific Instruments, Vol. 37 
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pp. 47-50, I960. In this case, commercially available elements 12. Electrodes 15, comprising, for example, 

silicon carbide powders were mixed with a resin binder, indium tin oxide, may be deposited on the rear surface 

producing resistors whose current is proportional to the of sheet 13 by well known techniques described in the 

fifth power of the applied voltage. prior art. However, instead of fabricating electrodes 15 

Another example of a nonlinear resistor is described 5 directly on the surface of sheet 13, the lower surface of 

in the paper, "An Electroluminescent Light-Amplify- sheet 13 may be laminated to a thin glass plate of equal 

ing Picture PaneT by B. Kazan and F. H. NfcoD in the area on whose surface transparent electrode strips have 

Proceedings of the IRE, Vol. 42, pp. 1888-1897, 1955, been previously deposited or fabricated, 

wherein a layer of the nonlinear resistive material, re- In the case where sheet 13 contains nematic crystal 

f erred to as the "cin^t^pising layer-, is prepared by 10 ricro^apsulcs, display device 30 may be viewed in 

mixing a powder of CdS, whose particles have been operation by reflected light from the bottom side of 

doped with chlorine, for example, to make them con- sheet 13, throu^ traiisparent dectrodtt 15. In this case, 

ducting, with a bmderof epoxy resin such as Anddite. . ^ for electrodes 17 to be tight absorb- 

?"* ,« ing, comprising, for example, carbon black inan organic 

lulose or polystyrene may used m place of epaxy 15 » that Iknnd^^ dements 12 switched onby 

resin. In all cases, however, it is desirable to dilute the TTT'^ . , yTuZI-^L " . y 

resin with a volatile solvent Upon evaporation of the addr ?f m « *f^T° Uld beco^ ttan^aren and ap- 

sol vent, the powder grains are Aen puDed tightly to- bkck * l ^f e *°"* areas of s^ 13 would appear 

gether by the remaining plastic or resin material en- or » a in 

hancing the flow of dc current between the grains. 20 these areas. Alternatrvdy, electrodes 17 may be made of 

Resistor dements of such CdS materials typically have a transparent conducting material so that display device 

a current flow also proportional to the fifth or higher 30 may be viewed by transmitted tight from dther side, 

power of the applied voltage. It should be noted in this *smg. for example, a broad area light source for rear 

connection that, in large measure, the conductivity of illumination, 

the resultant samples and the degree of nonlinearity of 25 Ahernativdy, liquid crystal sheet 13 may contain 
their current-voltage characteristics can be controlled liquid crystal microcapsules with pleochroic dyes, also 
by the choice of partide size, the conductivity of the allowing display 30 to be viewed by reflecting or trans- 
grains and the amount of plastic or resin material added mitted light For producing a full color image, the mi- 
to a given amount of the semiconductor powder. crocapsules may contain a pleochroic dye mixture 

An example of the physical construction of a display 30 which appears opaque black in the OFF state and trans- 

pand incorporating the circuit arrangement of FIG. 3 is parent in the ON state. In this case, successive rows or 

shown in FIG. 4. Here the entire display is fabricated on columns of dectrodes 17, which are transparent, may be 

the surface of a large area polymer sheet 13 in which are coated with red, blue and green color filters respec- 

encapsulated tiny liquid crystal dements 12. Such poly- tively. Illuminated with a broad area source of white 

mer sheets are described in the paper, "Polymer Encap- 35 tight of sdective electroded areas 17 of successive rows 

sulated Nematic Crystals for Display and Light Control or columns may be made to transmit or reflect red, 

Applications* 4 by J. L. Fergason in the 1985 Digest of the green and blue light respectivdy. Thus, in accordance 

Society For Information Display, pp. 68-70 and in the with the dectrical input signals, a full color image ™ n 

paper, "Polymer Encapsulated Nematic Crystals for be produced. To avoid undesired tight from reaching 

Use in High Resolution and Color Displays" by J. L. 40 the eye from outside the area of dectrodes 17 and their 
Fergason in the 1986 Digest of the Society For Informa- ^ corresponding LC dements 12, an opaque mask with 
tion Display, pp. 126-127. * apertures in registry with dectrodes 17 may be placed 

As indicated in FIG. 4, the display 30 comprises over sheet 13. 

upper dectrodes 17, Ei, Eo, E2 and leads 23 A and 23B While the invention has been described in conjunc- 

which are first deposited on the surface of the liquid 45 tion ^ a few s ^ &c .^^^ k i* evident to 

crystalpolymer sheet 13 preferably by a thick-film pro- ^ m the art that many alternatives, modifier 

cess. The two nonlinear resistor elements associated tiom ^ variations ^ ^ apparent in light of the 

with each Picture dement are then fabruated as a torn foK&An description. For example, although aD of the 

J^™?J!^% a * b f W ^L d f- m above dLission has been confmed to displays of the 

S^XStF* ^f 2 ^™*^ * Bqirid crystal type, it should be recogiu^ that the use 

Resistors 14 and 16, for example, 10-20 um thick, can / J ^iLT 1 * * ^ • 

also be fabricated by silklcreenmg or other thick-film of nonlmear resistor elements as described above can be 

deposition method/Although decodes 17 may be ^ fo * ^J™* f 1 ^/^ dulatlD « 

deposited in direct contact whh liquid crystal polymer < ? e f~ ts *** ****** ~°f*°S of dectoluminescent 

sheet 13, it may be desirable before depositing dec- 55 tbm ™ ms * P owdcr dectrolummescent layers, dectro- 

trodes 17 to coat all other areas of sheet 13 with a thin phoretic layers and dectrochromic films as wdl as 

insulating film 30A of resin or other material to better controllmg a variety of marking or printing dements 

dectronically isolate the nAnWar resistive dements such as thermal elements, ink jet dements or impact 

and remaining conducting elements from the underly- printing dements. Accordingly, the invention is in- 

ing liquid crystal polymer sheet 13. 60 tended to embrace all such alternatives, modifications 

On the opposite or lower surface of sheet 13, trans- and variations as fall within the spirit and scope of the 

parent conductive dectrode strips 15 are provided in appended claims, 

registry with the columns of dectrodes 17 on the top What is claimed is: 

surface of sheet 13. Top electrodes 17 together with 1- A control circuit for a load dement comprising: 

bottom dectrodes 15 serve to define the active areas of 65 a pair of powder-binder nonlinear resistor dements 

liquid crystal dements 12. As shown in FIG. 4, trans- formed on a surface of a substrate and having one 

parent dectrodes 15 are ^connected respectivdy to ter- terminal thereof connected to a common dectrical 

minals Yi, V2 and Y3 to enable electrical addressing of junction, 
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said junction connected to said load element, the draw said particles together allowing current flow 

other terminals of said resistor element pair con- through said non-sintered mixture, 

nected to switching voltage m^n* each of said nonlinear resistor element pairs posi- 

the impedance at said common electrical junction tioned adjacent to a corresponding pixel electrode 
being controlled in accordance with switching 5 and with a common junction of eachjKur con- 
voltages applied to said other terminals of said m f ed to . a corresponding pixel dectrode, the 
."7* . other terminals of said resistor element pairs con- 
resistor pan-, nected to switching voltage means to receive ap- 

said powder-binder resistor elements comprising a plied switching voltages, 

non-smtered mixture of a conductive or semicon- 10 ^ dement pairs having a nonlinear impe- 

ductive powder particles re m a inin g bonded to- dance characteristic whereby the current increases 

gether with an insulating or low conductivity therethrough at a higher than linear rate as a func- 

binder containing a volatile solvent to hold said tion of said applied switching voltages, 

particles together, said other terminals of groups of said nonlinear resis- 

said binder remaining intact in said non-sintered mix- IS tor element pairs connected together in parallel to 

tore after evaporation of said solvent and serving to a common pair of conducting leads allowing a 

draw said particles, together allowing limited cur- separate switching voltage to be connected to each 

rent flow through said non-sintered mixture. group, 

2. The control circuit of claim 1 wherein said conduc- addressing voltage signals applied to said elongated 
dve powder comprises silicon carbide, cadmium sulfide 20 electrodes, 

or zinc oxide particles. **** switching voltage applied to said conductive 

3. The control circuit of claim 2 wherein said binder leads of selected group of said nonlinear resistor 

comprises epoxy resin, ethyl cellulose or polystyrene. fi ^^T^ ^^^P^ce- 

. \_ * t T~ . * t . , « . . j * . 8. The liquid crystal display of claim 7 including an 

4. The control circuit of claim 1 wherein said load » . , . . , . . - , 

me wuuui mwuiuiufluu m wuwwu ooiu vmu ^ opamie fay^ apertures in registry with said pixel 

element is an electro-optical display element. electrodes 

5. The control circuit of claim 4 wherein said electro- 9 ^ hqvid crystal display of claim 7 wherein said 
optical display element is a polymer-encapsulated liquid nonlinear resistor element pairs are located in regions 
crystal material. on sheet which are not above said elongated elec- 

6. The control circuit of claim 1 wherein said load 30 trodes. 

element is a printing element. X0. The liquid crystal display of claim 7 wherein said 

7. A liquid crystal display comprising nonlinear resistor elements comprise a silicon carbide 
a sheet of micro-encapsulated liquid crystal material, powder, cadmium sulfide powder or zinc oxide pow- 
a plurality of elongated transparent electrodes der. 

formed on one surface of said sheet, 35 11. The liquid crystal display of claim 7 wherein an 

an array of pixel electrodes provided on the other insulating layer is formed on selected areas of said other 

surface of said sheet in registry with said elongated surface, of said sheet of micro-encapsulated liquid crys- 

electrodes and defining a corresponding array of material except in the regions beneath said pixel 

liquid crystal elements, electrodes, 

a plurality of pairs of powder-binder nonlinear resis- 40 J^-.The liquid crystal display of claim 7 wherein the 

tor dementsfbrmed on said other surface of said of ** ^wn^ voltages applied across said 

, A , . . . . _ other terminal of said resistor element pairs 1$ penodi- 

sheet, each of said elements comprising a non-sm- cally reversed 

tered mixture of a conductive or semiconductive 13 hqaid CTys ^ display ofc laim 7 wherein the 

powder particles bonded together with an msulat- 45 ofthe addressing voltage signals applied to said 

ing or low conductivity organic binder containing elongated electrodes is reversed on successive address- 

a volatile solvent to hold said particles together, jug frames thereof, 

said non-sintered mixture forming said nonlinear re- 14. xhe liquid crystal display ofclaim 7 wherein said 

sistor elements applied to said other surface of said applied switching voltages are adjusted so that the po- 

sheet wherein said binder remains in said mixture SO tential at said junction remains close to or at zero, 

after evaporation of said solvent and serving to * * * * * 
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with liquid crystal material are described in U.S. Pat. 
ENCAPSULATED LIQUID CRYSTAL HAVING A Nos. 3,499,702 and 3,551,026. 

SMECTIC PHASE An important characteristic of liquid crystal material 

is anisotropy. An anisotropic material has different 

This is a continuation of application Sex. No. 140,930 5 physical properties in different directions. For example, 
filed Dec 22, 1987, now abandoned, which, in turn, is a liquid crystals are optically anisotropic Le-, they have 
continuation of application Ser. No. 740,218, filed Jun. indices of refraction which vary with the direction of 
3, 1985, and now abandoned. propagation and polarization of the incident light 

_ _„ _ Liquid crystal material also has electrical anisotropy. 

TECHNICAL FIELD , 0 For ^ n mpU l the dielectric constant for smectic liquid 

The present invention relates generally to liquid crys- ' crystal material may be one value when the molecules 
tals and, more particularly, to encapsulated liquid crys- in the liquid crystal structure are parallel to the electric 
tals having a smectic phase. Moreover, the invention field and may have a different value when the molecules 
relates to devices using such encapsulated liquid crys- in the hquid crystal structure are aligned perpendicular 
t»l< and to methods of making such encapsulated liquid 15 to an electric field. Since such dielectric value is a func- 
crystals and devices. tkm of alignment, for example, reference to the same as 

nA^v^DrMTvm a "dielectric coefficient" may be more apt than the 

BACKGROUND usual "dielectric constant" label. Similar properties are 

Liquid crystals currently are used in a wide variety of true for other types of liquid crystals, 
devices, including optical devices such as visual dis- 20 Some brief discussion of the encapsulation of cboles- 
plays. Such devices usually require relatively low teric liquid crystal materia] is presented in U.S. Pat 
power and have a satisfactory response time, provide Nos. 3,720,623, 3,341,466, and 2,800,457, the latter two 
reasonable contrast, and are relatively economical. The patents being referred to in the first named patent 
property of liquid crystals enabling use, for example, in In the past, devices using liquid crystals, such as vi- 
visuai displays, is the ability of liquid crystals to trans- 25 sua! display devices or other devices, have been of rela- 
mit light on one hand, and to scatter and/or absorb tively small size. Large size devices using liquid crys- 
light, on the other, depending on the alignment (or lack tals, such as, for example, a billboard display or a sign 
of alignment) of the liquid crystal structure with, eg., have not been satisfactorily fabricatable for a number of 
an electric field applied across the liquid crystal mate- reasons. One reason is the fluidity of the liquid crystals, 
rial. An example of electrically responsive liquid crystal 30 (the liquid crystal material may tend to flow creating 
material and use thereof is provided in U.S. Pat. No. areas of the display that have different thicknesses). As 
3322,485. a result, the optical characteristics of the display may 

Certain liquid crystal material is responsive to tern- lack uniformity, have varying contrast characteristics at 
perature, changing optical characteristics in response to different portions of the display, etc. The t hi c kne ss 
temperature of the liquid crystal material. 35 variations in turn cause variations or gradations in opti- 

The present invention is disclosed hereinafter particu- cal properties of the hquid crystal device. Moreover, 
larly with reference to the use of liquid crystal material the varying thickness of the liquid crystal layer will 
that is particularly responsive to an electric field as well cause corresponding variations in the electrical proper- 
as to temperature. ties of the liquid crystal layer, such as capacitance and 

Currently there are three categories of hquid crystal 40 impendance, further reducing uniformity of a large size 
materials, namely cholesteric, nematic and smectic hquid crystal device. The varying electrical properties 
types. The invention of the present application relates in of the liquid crystal layer, then, also may cause a corre- 
the preferred embodiment described below to use of sponding variation in the effective electric field applied 
liquid crystal material having a smectic phase. The across the hquid crystal material and/or in response to 
invention may also be employed with a liquid crystal 45 a constant electric field would respond differently at 
material having a smectic as well as a nematic phase. areas of the liquid crystal that are of different thick- 

The various characteristics of the cholesteric, ne- nesses. 
matic and smectic types of hquid crystal material are A pleochroic display, Le., one in which pleochroic 
described in the prior art. One know characteristic of dye and liquid crystal material are in solution together, 
liquid crystal material is that of reversibility; in particu- 50 has the advantage of not requiring the use of a polarizer, 
iar it is noted here that nematic hquid crystal material is However, such a pleochroic device has a disadvantage 
known to be reversible, but cholesteric material is not of relatively low contrast when only nematic hquid 
reversible. One characteristic of a reversible nematic crystal material is used. It was discovered in the past, 
material is that the liquid crystal structure will return to though, that a cholesteric liquid crystal material could 
its original configuration after an electric field, for ex- 55 be added to the nematic one together with the dye to 
ample, has been applied and then removed. On the other improve the contrast ratio. See White et al. article, 
hand, smectic material will retain its configuration even Journal of Applied Physics, Volume 45, No. 11, Novem- 
after removal of an electric field. ber 1974, at pages 4718-4723, for example. The choles- 

To enhance contrast and possibly other properties of teric material would tend not to return to its original 
liquid crystal material, pleochroic dyes have been 60 zero field form when the electric field is removed, 
mixed with the hquid crystal material to form a solution Another problem encountered with pleochroic dye 
therewith. The molecules of the pleochroic dye gener- included in solution with hquid crystal material, regard- 
ally align with the molecules of the liquid crystal mate- less of the particular type of liquid crystal material, is 
rial. Therefore, such pleochroic dyes will tend to func- that the light absorption of the dye is not zero in the 
tion optically in a manner similar to that of the hquid 65 "field-on" condition. Rather such absorption in the 
crystal material in response to a changing parameter, "field-on" condition follows a so-called ordering pa- 
such as application or non-application of an electric rameter, which relates to or is a function of the relative 
field or heat. Examples of the use of pleochroic dyes alignment of the dyes. The optical transmission charac- 
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teristic of liquid crystal material is an exponential func- may be fhndJy coupled via one or more interconnecting 
tion of the thickness of the liquid crystal material Spe* passages. 

rificaOy, the "on" state or "field-on" or "energized" Capsules according to this invention generally have 
state of the liquid crystal material is an exponential an approximately spherical configuration (though this is 
function of the thfeknm of tht fiqrtd rryvtf material, 5 not, per se, a requisite of the invention) having a diame- 
and the "absorbing** state or "fidd-ofT state also is a ter from about 0.3 to 100 microns, preferably 0.1 to 30 
different exponential function of the th*cb"*ss microns, especially 3 to 15 microns, for example 5 to 15 

To overcome those problems described in the two microns. In the context of this invention, encapsulation 
immediately preceding paragraphs, the liquid crystal like terms refer not only to the formation of such 

material should have an optimum uniform thickness. 10 articles as are generally referred to as capsules, but also 
(As used herein the term "liquid crystal*' material means to formation of stable emulsions or dispersions of 
the liquid crystals themselves and, depending on con- limi * d crystal material in an agent (an encapsulating 

text, the pleochroic dye in solution therewith). There memum) wtech results in the formation of stable, pref- 
abo should be an optimum spacing of the electrodes by erably approximately unuormhy sized, particles m a 
which the electric field or heat is applied to the liquid 15 uniform surrounding medium. Techniques for encapsu- 
crystal material. To maintain such optimum thickness latlon » Jf^* f to ^^^f^T, be " 
and spacing, rather close tolerances must be niamtained. cause of the capsule sg^ as well known mthe art (see, 
To maintain close tolerances, there is a limit as to the ^^^x^ps^ by 
size of the device using such liquid crystals, for h is ^ Asa^ Kcmdo^ pubhshed ^ \^ Mcker. Inc.) and U 

quite difficult to maintain dosTtoierances over large 20 ^^^^1^ °^ "S^ET* ***** 

surface areas, for example to the disclosure herein, to determine suitable encapsu- 

areas, examp . lating agents and methods for liquid crystal materials. 

BRIEF SUMMARY OF THE INVENTION A liquid crystal device is a deviced formed of liquid 

^ . .. . > r *v : .i crystal material. In the present invention such devices 

r !f° T f mg i^ 8SPe ^f k ™ 25 Reformed of encapsulated liquid crystals having a 
^IT^T^ T 8 ^f?>f * smectic phase capabkTf pro vming afanctkm of the 
sulated. According to anothj aspect, the encapsulated ^ during to liquid crystal material; for 
liquid crystal material is used in hqmd crystal device* ^ £ SUCD a ^ device may be a visual 
such as visual display devices and optical shutters. And ^ or m ^ ^ m rcspcmsc to appiica. 
accordmg to further aspects there are provided meth- ^ ^ ^ ofaD ^ sic fldd ^ hcat rffects a 
ods for encapsulatmg hquid crystal material and for atte nuation of optical radiation, preferably 
making a liquid crystal device using such encapsulated mclnding far infrared through ultraviolet wave- 
liquid crystal material, lengths. 

A liquid crystal having both a smectic and nematic One method of making rncnpsiifrteH liquid crystals 

phase may also be encapsulated in accordance with the 35 deludes mixing together liquid crystal material having 

present invention. The transition temperature of the a smectic phase and an encapsulating medium in which 

liquid crystal material determines whether it is in the ^ j iquid crystal material will not dissolve and permit- 

smectic or nematic phase. In the nematic phase, the the formation of discrete capsules containing the 

liquid crystal is operationally nematic, as defined below liquid crystal material. 

and in U.S. Pat No. 4,435,047, issued Mar. 6, 1984, in 40 ^ method of making a liquid crystal device including 

the name of Fergason and entitled ENCAPSULATED such encapsulated liquid crystal includes, for example 

LIQUID CRYSTAL AND METHOD, which is applying such encapsulated liquid crystal material to a 

hereby incorporated by reference. substrate. Moreover, such method includes providing 

By "operationally nematic" is meant that, in the ab- means for applying an electric field and heat to the 

sence of external fields, structural distortion of the liq- 45 liquid crystal material to affect a property thereof, 

uid crystal is dominated by the orientation of the liquid According to another feature of the invention a liquid 

crystal at its boundaries rather than by bulk effects, such crystal material having a smectic phase in which is 

as very strong twists (as in cholesteric material) or lay- dissolved a pleochroic dye is placed in a generally 

ering (as in smectic material). Thus, for example, chiral spherical capsule. In the absence of an electric field, the 

ingredients which induce a tendency to twist but cannot 50 capsule wall distorts the liquid crystal s tru c tur e so it and 

overcome the effects of boundary alignment would still the dye wfll tend to absorb light regardless of its polar- 

be considered operationally nematic. Such operation- ization direction. When a suitable electric field is ap- 

ally nematic liquid crystal material may include pleo- plied across such a capsule, for example across an axis 

chroic dyes, chiral compounds, or other co-ingredients. thereof, the liquid crystal material will tend to align 

A capsule as used herein generally refers to a contain- 55 parallel to such field causing the absorption characteris- 
ment device or medium that confines a quantity of liq- tic of such material to be reduced to one assumed when 
uid crystal material, and "encapsulating medium" or the liquid crystal material is in the planar configuration, 
"material" is that medium or material of which such To help assure that adequate electric field is applied 
capsules are formed. An "encapsulated liquid crystal" across the liquid crystal material in the capsule, and not 
or "encapsulated liquid crystal material" means a quan- 60 just across or through the encapsulating medium, and, 
tity of liquid crystal material confined or contained in in fact, with a ininimum voltage drop across the wall 
discrete volumes within the encapsulating medium, for. thickness of the respective capsules, the encapsulating 
example in a solid medium as individual capsules or material preferably has a dielectric constant no less than 
dried stable emulsions. The discrete volumes, however, the lower dielectric constant of the liquid crystal mate- 
may also be interconnected, for example, by one or 65 rial, on the one hand, and a relatively large impedance, 
more passages. The liquid crystal would preferably be on the other hand. Ideally, the dielectric constant of the 
in both the discrete volumes and interconnecting pas- encapsulating medium should be close to the higher 
sages. Thus, the internal volumes of respective capsules dielectric constant of the liquid crystal. 
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Contrast of a liquid crystal device employing encap- Yet another feature is the ability to control the effec- 

sulated liquid crystals may be improved by selecting an tive thickness of the liquid crystal material contained in 

encapsulating medium that has an index of refraction a capsule by controlling the internal diameter of such 

that is matched to the ordinary index of refraction of the capsule. Such diameter control may be affected by a 

liquid crystal materia] (Lc, the index of refraction paral- 5 size fractionation separation process during the making 

lei to the optical axis of the crystal). See, eg. "Optics" of the encapsulated liquid crystals using any one of a 

by Born and Wolf, or "Crystal and the Polarising Mi- variety of conventional or novel sorting techniques as 

croscope" by Hartshorne and Stewart The encapsu- well as by controlling the mixing process, the quantities 

tated medium may be used not only to encapsulated of ingredients, and/or the nature of the ingredients 

liquid crystal material but also to adhere the capsules to 10 provided during mixing. By controlling such thickness 

a substrate for s up p ort thereon. Alternatively, a further parameter to relatively close tolerances, then* the subse- 

binding medium may be used to hold the liquid crystal quern tolerance requirements when the final liquid crys- 

capsules relative to a substrate. In the latter case, tal device is made using the encapsulated liquid crystals 

though preferably the additional binding medium has an w {]] not ^ ^ critical as was required in the past for 

index of refraction which is matched to that of the en- 15 nonencapsulated devices. 

capsnla tin g medium for maintaining the improved con- Moreover, a further feature of the present invention 
trast characteristic described above. Because the index h that there appears to be no limitation on the size of a 
of refraction of a material is generally strain-depcrident, high quality liquid crystal device that can be made using 
and strain may be induced in, eg., the encapsulating tbe encapsulated liquid crystals in accordance with the 
inedium, it may be necessary to confer this effect in 20 pTCScnt invention. More specifically, by providing for 
matching the indices of refraction of the hquid crystal, confinement of discrete quantities of liquid crystal mate- 
encapsulating medium, and binding medium, if present ^ for cxamp i Ct m me described capsules, the various 
Further, if iridescence is to be avoided, it may be dear- problems encountered in the past that prevented the use 
able to match the indices of refraction over a nmge of of ^ m large size devices are over- 
wavelengths to the extent possible, rather than at just 23 come> for ^ c^e in effect can still 
one wavelength. . . . . , operate as an independent hquid crystal device. More- 

A feature of the present invention is thatthe mole- over, each capsule^referably has physical properties 

odes of the liquid cp^ rnaterudm *e smectic phase ^ £ mounted in virtually any envinmment 

prior to the apphcation of an ele^^do^ereto^^ including one containing a plurality of further such 

to align Aemselves generally r^endicular to the 30 J* bunted to a substrate or other- 

curved surfaces of the spherical or otherwise curvflm- l u ° y _Ty * ♦ " Z. Z !mL«L1 —a 

ear surfaced capsule. Accordingly, the liquid crystal ™* «f Pf* f "Jf f m to ^ 

structure tends to be forced or distorted to a specific of "TTlFT^ £ / 

form, generally focal conic, so that the resulting optical f**^ electncfield or heat This feature also ena- 

characteristic of a given capsule containing liquid crys- 35 bI f placement of the hquid crystal material on only 

tal material is such that substantially all light delivered f«*<* «** ^ device, such asm large stze 

thereto will be affected, for example, scattered (when dl ? Iavs < e -8' ^boards), optical shutters, etc, 

no pleochroic dye is present) or absorbed (when pleo- . toportant considerations m accordance with the 

chroic dye is present), prior to the application of an invention are that an encapsulating medium having 

electric field, regardless of the polarization direction of 40 electrical properties matched m a prescribed way to the 

the incident light Even without dye this effect can electrical properties of hquid crystal material encapsu- 

cause scattering and thus opacity. **xed therby *» d . additionaUy preferably optically 

Another feature of the present invention is the ability matched to the optical properties of such hquid crystal 
of the molecules of the smectic phase liquid crystal material permits efficient and high quality functiomng 
material to to align themselves m a direction parallel to 45 of the liquid crystal material in response to excitation or 
an electric field applied thereto and to remain in that non-excitation by an external source; and that the inter- 
alignment after removal of the electric field. When of the encapsulating medium with the liquid 
aligned in this manner, the liquid crystal material re- crystal material distorts the latter in a prescribed man- 
duces the amount of scattering or absorption of light ner changing an operational mode of liquid crystal ma- 
that would otherwise be present The subsequent appli- 50 teriaL 

cation of sufficient heat to the liquid crystal material An object of the invention is to enable the use of 

induces the generally distorted alignment of the liquid liquid crystal material having a smectic phase wherein 

crystal material such that light is scattered or absorbed. that material is encapsulated and maintains relatively 

The temperature at which this occurs may be the smec- high quality of operation, controlled unifonnhy of out- 
tic to nematic phase transition temperature or the smec- 55 put and satisfactory contrast. 

tic to isotropic phase transition temperature. This con- Another object is to confine liquid crystal material 

cept may be called heat-to-erase. having a smectic phase wherein a generally distorted 

Another feature of the present invention relies on the alignment is induced that scatters or absorbs light and 

concept of a thermally activated display. This display reduced in response to a prescribed input with such 
utilizes an encapsulated liquid crystal material having 60 reduction remaining after removal of the prescribed 

both a smectic and nematic phase. The liquid crystal is input, thereby providing a display having memory, 

heated so that it is in the nematic phase, and an electric Yet another object is to enable a display to be erased 

field is applied thereto to effect a visual display. The or heated by the application of heat to increase the 

temperature of the Hquid crystal is reduced so that it is temperature of the hquid crystal so that it is not in the 
in the smectic phase. The electric field is removed and 65 smectic phase. 

the display remains. The display may be erased by heat- These and other objects and advantages of the pres- 

ing the liquid crystal so that it is again in the nematic ent invention will become more apparent as the follow- 

phase. ing description proceeds. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic representation of a prior art 
liquid crystal device; 

FIG. 2 is a schematic representation of a liquid crys- 5 
tal device in accordance with the present invention; 

FIG. 3 is an isometric view of a h quid crystal display 
device in accordance with the present invention; 

FIG. 4 is an enlarged fragmentary view, partly bro- 
ken away, of a portion of the liquid crystal display 10 
device of FIG. 3; 

FIG. 5 is an enlarged schematic illustration of a liquid 
crystal capsule in accordance with the present invention 
under a no field condition; 15 

FIG. 6 is a view similar to FIG. 5 under an applied 
electric field condition; 

FIG. 7 is a schematic electric circuit diagram repre- 
sentation of the capsule with an applied Held; and 

FIGS. 8a and 86 are enlarged schematic illustrations ^ 
of a liquid crystal capsule in accordance with the pres- 
ent invention under a field removed condition and 
under an applied heat condition, respecti v ely. 

SUMMARY OF A PRIOR ART LIQUID CRYSTAL 

DEVICE 25 

Referring now in detail to the drawings, wherein like 
reference numerals designate like parts in the several 
figures, and initially to FIG. 1, a prior art hquid crystal 
device is generally indicated at 1. Such device 1 in- 30 
eludes hquid crystal material 2 sandwiched between 
electrodes 3 of, for example, indium tin oxide that are 
deposited for support on respective mounting or confin- 
ing substrates 4, such as glass, plastic sheets or the like. 
The sheets 4 may be clear as may be the electrodes 3 so 35 
that the device 1 is an optical transmission control de- 
vice, whereby incident light may be absorbed and/or 
scattered when no electric Meld is applied by the elec- 
trodes 3 across a liquid crystal material 2 and the inci- 
dent light may be transmitted through the liquid crystal 40 
material 2 when an electric field is applied thereacross. 
Electric leads 5 and switch 6 selectively couple voltage 
source 7 across the electrodes 3 to provide such electric 
Meld. The voltage source 7 may be either an AC or a 
DC voltage source. 45 

The liquid crystal material 2 in the device 1 is some- 
what confined by the substrates 4 for retention in a 
desired location, say for example, to be used overall as 
part of a digital display device. On the other hand, the ^ 
hquid crystal material 2 must have adequate freedom of 
movement so that it may assume either a random orien- 
tation or distribution .when no electric field is applied or 
a prescribed distributional or orientational alignment 
when an electric field is applied across the electrodes 3. 55 
If desired, one of the substrates 4 may be reflective to 
reflect incident light received through the liquid crystal 
material 2 back through the latter for delivery through 
the other substrate 4 for subsequent use. The various 
principles of operation and features and disadvantages 60 
of the liquid crystal device 1 are summarized above and 
are described in the prior art literature. 

The liquid crystal material 2 may be of virtually any 
type that is responsive to an electric field applied there- 
across so as to have a desired operating characteristic 65 
intended for the device 1. The hquid crystal material 2 
also may include, if desired, pleochroic dye material in 
solution therewith. 



DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Turning now to FIG. 2, an improved liquid crystal 
device in accordance with the present invention is indi- 
cated at 10. The device 10 includes an encapsulated 
liquid crystal 11 having a smectic phase which is sup- 
ported by a mounting substrate 12 across which an 
electric field may be applied via electrodes 13, 14. 

The electrode of 13 may be, for example, a quantity 
of vacuum deposited indium tin oxide applied to the 
substrate 12, and the electrode 14 may be, for example, 
electrically conductive ink. A protective layer or coat- 
ing 15 may be applied over the electrode 14 for protec- 
tive purposes but such layer 15 ordinarily would not be 
necessary for supporting or confining the encapsulated 
hquid crystal 11 or the electrode 14. Voltage may be 
applied to the electrodes 13, 14 from an AC or DC 
voltage source 16. A selectively closable switch 17 and 
electrical leads 18, 19 are utilized to apply an electric 
field across the encapsulated liquid crystal 11 when the 
switch 17 is closed. A second selectively closable 
switch 60 and electrical leads 62, 64 may be utilized to 
provide a resistive heating source for the application of 
heat to the liquid crystal material to increase the tem- 
perature thereof for the purposes hereinafter described. 
Switch 60 may be closed to cause a suitable current to 
flow through electrode 13 so as to heat the hquid crystal 
materia] to the desired level. Other techniques, such as 
a heat gun, may be utilized to heat the liquid crystal 
material. 

The encapsulated liquid crystal 11 includes liquid 
crystal material 20 contained within the confines or 
interior volume 21 of a capsule 22. Preferrably, the 
capsule 22 is generally spherical. However, the princi- 
ples of the invention would apply when the capsule 22 
is of a shape other than spherical. Such shape should 
provide the desired optical and electrical characteristics 
that will satisfactorily coexist with the optical charac- 
teristics of the hquid crystal 20, e.g., index of refraction, 
and will permit an adequate portion of the electric field 
to occur across the hquid crystal material 20 itself for 
effecting desired alignment of the hquid crystal struc- 
ture when it is desired to have a field on condition. A 
particular advantage to the preferred spherical configu- 
ration of the capsule 22 will be described below with 
respect to the distortion it effects on the liquid crystal 
structure. , 

The mounting substrate 12 and the electrodes 13, 14 
as weD as the protective coating 15 may be optically 
transmissive so that the liquid crystal device 10 is capa- 
ble of controlling transmission of light therethrough in 
response to whether or not an electric field is applied 
across the electrodes 13, 14 and, thus, across the encap- 
sulated hquid crystal 11. Alternatively, the mounting 
substrate 12 may be optically reflective or may have 
thereon an optically reflective coating so that reflection 
by such reflective coating of incident fight received 
through the protective coating 15 will be a function of 
whether or not there is an electric field applied across 
the encapsulated hquid crystal 11. 

Preferably, a plurality of encapsulated hquid crystals 
11 would be applied to the mounting substrate 12 in a 
manner such that the encapsulated hquid crystals ad- 
here to the mounting substrate 12 or to an interface 
material, such as the electrode 13, for support by the 
mounting substrate 12 and retention in a fixed position 
relative to the other encapsulated hquid crystals 11. 
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Most preferably the encapsulating medium of which the electrically isolated segments, each of which may be 
capsule 22 is formed is also suitable for binding or other- selectively energized or not so as to create various no- 
wise adhering the capsule 22 to the substrate 12. Alter- meral characters. For example, energization of the seg- 
nan'vely, a further binding medium (not shown) may be ments 30a and 30b would display the numeral M l" v and 
used to adhere the encapsulated liquid crystals 11 to the 5 energization of the segments 30a, 30b, and 30c would 
substrate 12. Since the capsules 22 are adhered to the display the numeral "7". 

substrate 12, and since each capsule 22 provides the A feature of the present invention utilizing the encap- 

needed confinement for the liquid crystal material 20, a sulated liquid crystals 11 is that a versatile substrate 12 

second mounting substrate, such as the. additional one can be created to be capable of displaying virtually any 

shown in the prior art liquid crystal device 1 of FIG. 1, 10 desired display as a function of only the selective seg- 

ordmarfty would be unnecessary. However, for the ments of conductive ink electrodes printed on the liquid 

purpose of providing protection from scarring, electro- crystal material. In this case, the entire surface 31 of the 

chemical deterioration, eg., oxidation, or the tike, of the substrate 12 may be coated with electrode material 33, 

electrode 14, a protective coating 15 may be provided ^ ^en the entire surface of that electrode material 

on the side or surface of the liquid crystal device 10 15 ^ coated substantially contiguously with layer 34 

opposite the mounting substrate 12, the latter providing of encapsulated liquid crystals 11. Thereafter, a pre- 

the desired physical protection on its own side of the scribed pattern of electrode segments of conductive ink 

10 - t . „ . . , t 35 may be printed where desired on the layer 34. A 

Smce the encapsulated liquid crystals U are rela- dectrical lead ^ attach the surface 31 to a 

ttvely securely adhered to the substrate 12 and smce 20 vohage source, and respective electrical leads may cou- 

there ordinarily would be no need for an actional ple the respective conductive ink segments via respec- 

substrate^ as mentioned above, thedectrode 14 may be ^ switches to such voltage source. Alter- 

applied directly to the encapsulated ho^d crystals 21 ^vely, the encapsulated liquid crystals 11 and/or the 

Turnmg nowtoFIG. 3, an sample ofahquid crystal clcctro ^ c mt ^ y ^ applied to the surface 31 

? t m T * t °r m 25 only at those areas where d^by segments are desired, 

the form of a liquid crystal display device, which ap- ^'^ity to apply encapsulated Kqu* crystal to only 

pears as a square cornered figure eight 30 on the sub- , . * H ru ~* u i ♦ 

strafe 12, which in this case preferably is of a plastic « desired area or phzratoy of areas such ^he^gmente 

material, such as Mylar, or may alternatively be another of a ^ essentally convent^ processes (such 

material, such as ^ass, for example. The shaded area 30 ** c ;«' s f" s ^ nm « or ° P™** J^T^- 15 

appearing in FIG. 3to form the square cornered figure particularly attr^ve, when compared wrth the prior 

eight is formed of plural encapsulated liquid crystals 11 art, which has^the problem of containing liquid crystals 

arranged in one or more layers on and adhered to the between flat plates. 

substrate 12 Although a detailed description of the operation of 
An enlarged fragmentary section view of a portion 32 35 Ae ^dividual encapsulated liquid crystals 11 will be 
of the figure eight 30 and substrate 12 is illustrated in Presented below, n will suffice here to note that the 
HG. 4. As is seen in FIG. 4, on the surface 31 of the encapsulated liquid crystals m the layer 34 function to 
substrate 12, which may be approximately 10 mils thick, attenuate or not to attenuate light incident thereon. A 
is deposited a 200 angstrom thick electrode layer 33 of, pJeochroic dye may be present in solution in the liquid 
for example, indium tin oxide or other suitable electrode 40 material to provide substantial attenuation by 
material such as gold, aluminum, tin oxide, antimony tin absorption prior to the application of the field but to be 
oxide, etc. One or more layers 34 of plural encapsulated substantially transparent after the field has been applied, 
liquid crystals 11 are applied and adhered directly to the Sucn 311 electric field may be, for example,, one pro- 
electrode layer 33. Such adherence is preferably ef- duccd « a res ult of the coupling of the electrode layer 
fected by the encapsulating medium that forms respec- 45 portions 33, 35 at an individual segment, such as seg- 
tive capsules 22, although, if desired, as was mentioned ment 30fl » of the liquid crystal device 10* to an electrical 
above, an additional adhering or binding material may vohage source, the magnitude of the electric field re- 
be used for such adherence purposes. The thickness of q*nred to the encapsulated liquid crystals 11 
the layer 34 may be, for example, approximately 0.3 to from a n0 field (deenergized) condition to a field-on 
10 mils, preferably 0.7 to 4 mils, more preferably 0.8 to 50 (energized) condition may be a function of several pa- 
1.2 mils, especially I mil. Other thicknesses may also be rameters, including, for example, the diameter of the 
used, depending inter alia on the ability to form a thin individual capsules and the thickness of the layer 34, 
film and the electrical breakdown properties of the film. which in turn may depend on the diameter of individual 
A further electrode layer 35 is deposited on the layer 34 capsules 22 and the number of such capsules in the 
either directly to the material of which the capsules 22 55 thickness direction of layer 34. Importantly, it will be 
are formed or, alternatively, to the additional binding appreciated that since the liquid crystal material 20 is 
material used to bind the individual encapsulated liquid confined in respective capsules 22 and since the individ- 
crystals 11 to each other and to the mounting substrate ual encapsulated liquid crystals 11 are secured to the 
12. The electrode layer 35 may be, for example, approx- substrate 12, the size of the liquid crystal device 10' or 
imately i mil thick and may be formed, for example, of 60 any other liquid crystal device employing encapsulated 
electrically conductive ink or of the materials men- liquid crystals in accordance with the present invention 
tioned above for layer 33. A protective coating layer 36 is virtually unlimited. Of course, at those areas where it 
for the purposes described above with respect to the is intended to effect a change in the optical properties of 
coating 15 in FIG. 3 also may be provided as is shown the encapsulated liquid crystals of such a device in re- 
in FIG. 4. 65 sponse to a no field or field on condition, it would be 
In a conventional visual display device either of the necessary to have at such areas electrodes or other 
liquid crystal or light emitting diode type, the figure means for applying to such liquid crystals a suitable 
eight element 30 ordinarily would be divided into seven electric field. 
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The electrode layer 33 may be applied to the sub- The smectic phase encapsulated system which oper- 
strate 12 by evaporation, by vacuum deposition, by ates at moderate voltages can be used to form a novel 

sputtering, by printing or by another conventional tech- type of display. The principle is based on the above- 

nique. Moreover, the layer 34 of encapsulated liquid described ability of smectic liquid crystal to store rndefi- 

crystals 11 may be applied, for example, by a web or 5 mtely when exposed to an electric field. Thus a display 

gravure roller or by reverse roller printing techniques. can be made using a matrix of elements, such that there 

The electrode layer 35 «iw may be applied by various is a cross-gnd formed. A permanent pattern can be 

printing, stenciling or other techniques. If desired, the formed on the cross-grid by elevating voltage on the 
electrode layer 33 may be prepared as a full coating of lines and rows to be written, simultaneously. Thus, 

the substrate 12, such as Mylar, as described above, as 10 rows not written can be put at a vohage which is close 

part of the process in which the Mylar sheet material is to that of the columns. The same vohage, with opposite 

manufactured, and the layer 34 also may be applied as polarity, can be put on those rows to be written, so that 

part of such manufacturing process. Electrode 33 may a vptege appears across the column/row intersection 

be attached to a voltage source through a selectively which is two times greater than that applied to rows 

closable switch 60 separate from the respective con- 15 which are not to be written. 

trolled switches utilized to energize the conductive _J£ to process is earned out m sequence at a rate 
segments. When switch 60 is pulsed closed, electrode 33 sufficiently slow so that RMS increases m voltage do 
functions as a resistive heating element that applies heat ™ OCCtt 5 a f ross ^'&>]unm mtersections, then a pat- 
to the liquid crystal material to mcrease me tenmerature tern can be formed which wiD reinam m place untfl such 
thereof 20 time as the display is heated (to erase) to the phase 

If the liquid crystal material has both a smectic and traction of the smectic liquid crystaL 

nematic phase, heat may be applied, by closing switch , ^ ^^rase and the thernian y; acOvated dis- 

60, to heat the liquid crystal through hs transition tern- P*fys are especially suitable for ^ md^y device 

perature where it changes from thTsmectic to the ne- w u hcre 15 r^vely long toe peno^ between 

m^hase^eS ax ^electric field (across elec- 25 changes m or updates of the Asplay. Tte displays may 

. , . ' J: i! u i- when there is a temperature nse above a certain level, 

rial, now m the nemauc phase, such that the hqmd crys- For , certain^nicals must be stored below a 

tfl material is subsumtially transput* effect a v^ual ^ veQ ^J^^ A label reading "OK," eg. may be 

display, such as the numeral 1 . (See FIG 6). The ^ ^ tQ fl Elding the chemicals. The "OK" 

temperature of the liquid crystal may then be reduced, display wou ]d disappear or be erased when the tempera- 

by opening switch 60, so that the liquid crystal is in the ^ ^ above ^ desirable or even dangerous 
smectic phase. The electric field may then be removed. . 

The display, however, wfll be retained (See FIG. 8a), ^ ability to make and to use successfully heat-to- 

tg., the numeral "1", since the molecules of the liquid 35 ^ thermally activated liquid crystal devices of 

crystal in the smectic phase are not free to change direc- the type just described is in part due to the ability to 

tion and the hquid crystal is more viscous in this phase. xnake encapsulated hquid crystals and to the properties 

The above-described concept may be called a thermal- Q f sucn encapsulated hquid crystals, both of which are 

ly-activated display. features of the present invention. These features now 

To erase the display, switch 60 may again be pulsed ^ ^ be described. Referring specifically to FIG. 5, the 

closed to heat the liquid crystal above its transition capsule 22 has a generally smooth curved interior wall 

temperature where it is in the nematic phase. As dis- surface 50 defining the boundary of the volume 21. The 

cussed, in the nematic phase, incident light is absorbed actual dimensional parameters of the wall surface 50 

or scattered in the absence of an electric field (See FIG. and of the overall capsule 22 are related to the quantity 

86). Thus, the display is effectively erased. The display 45 Q f ii qu jd crystal material 20 contained therein. Addi- 

may also be erased by heating the liquid crystal so that tkmally, the capsule 22 applies a force to the liquid 

h is in hs isotropic phase wherein incident light is scat- crystals 20 tending to pressurize or at least to maintain 

tered or absorbed. substantially constant the pressure within the volume 

A hquid crystal material having only a smectic phase 21. As a result of the foregoing, and due to the surface 

may also be utilized in the concept of the present inven- 50 wetting nature of the hquid crystal, the structure which 

tion. The smectic phase may either be smectic A phase ordinarily in free form would tend to be straight, al- 

or smectic C phase. The smectic C phase operates at though perhaps randomly distributed, is distorted to 

lower voltages than smectic A, and the smectic C phase have a generally focal conic form. Due to such distor- 

may have a chiral character. An electric field may be tion the hquid crystals store elastic energy. For simplic- 

applied across the liquid crystal in the smectic phase to 55 fry of illustration, and for facility of comprehending the 

eliminate the scattering or absorption of light otherwise foregoing concept, the hquid crystal molecules whose 

present (See FIG. 6). The display formed by the appli- directional orientation is represented by respective 

cation of the electric field, such as the numeral "1", dashed lines 52 is shown as having a bulk alignment 

remains after the field is removed (See FIG. 8a). The wherein, the liquid crystal molecules radiate from a 

display may be thereafter erased by heating the liquid 60 central portion of the capsule to be generally (perpen- 

crystal to a temperature above the smectic to isotropic dicular to a relatively proximate portion of) the interior 

phase transition temperature. Alternatively, it may be wall surface 50. 

erased by heating it to a temperature above the smectic Thus, the organization of liquid crystal molecules in 

to nematic phase transition temperature. This display an individual capsule is determined by the bulk align- 

concept may be called the heat-to-erase concept It 65 ment of the molecules within the capsules unless acted 

differs from the thermally-activated display in that the on by outside forces, e.g., an electric field. As noted 

field is applied and display effected with the liquid crys- heretofore, on removal of the field, the directional ori- 

tal in the smectic phase. entation illustrated in FIG. 6 of the smectic hquid crys- 
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tal remains (Sec FIG. 8a). The distorted alignment de- 0.01, especially aOOl. The tolerated difference will 

pkted in FIG. 5 returns upon the application of heat to depend on capsule size and intended use of the device, 

the liquid crystal to heat it above the phase transition The text "Optics" by Sears, published by Addison-Wes- 

temperature (See FIG. 86). The liquid crystal molecules ley, contains a thorough discussion of birefringence 

have a smfcrtc phase. Such molecules usually assume a 5 relevant to the foregoing, and the relevant portions of 

parallel configuration, and a liquid crystal material such text are incorporated herein by reference, 

comprised of such molecules usually is optical polariza- However, when no field is applied there will be a 

tion direction sensitive. However, since the s tru c tur e 52 difference in indices of refraction at the boundary of the 

in the encapsulated liquid crystal 11 is distorted or liquid crystal and capsule wall due to the extraordinary 

forced to assume focal conic form shown in FIGS. 5 or 10 index of refraction of the liquid crystal being greater 

86 in the full three dimensions of the capsule 22, such than the encapsulating medium. This causes refraction 

liquid crystal material in such capsule takes on an . on- at that interface or boundary and thus further scattering 

proved characteristic of being insensitive to the direc- and is a reason why encapsulated liquid crystal material 

tkm of optical polarization of light incident thereon. in accordance with the present invention, in particular, 

Moreover, when the liquid crystal materia] 20 in the 15 wfll function to prevent transmission of light even with- 

capsule 22 has pleochroic dye dissolved therein, such out the use of pleocboric dye. 

dye, which ordinarily also would be expected to have Ordinarily the encapsulated liquid crystals 11 would 

optical polarization sensitivity, no longer is polarization be applied to the substrate 12 (FIG. 3) such that the 

sensitive because the dye tends to follow the same kind individual encapsulated liquid crystals II are relatively 

of orientation or distortion as that of the liquid crystal 20 randomly oriented and preferably several capsules thick 

structure: to assure an adequate quantity of liquid crystal material 

With the liquid crystal structure being distorted gen- on the surface 31 of the substrate to thereby provide the 

erally in the manner illustrated in FIGS. 5 and 86, the desired level of light blockage and/or transmission 

encapsulated liquid crystal 11 oridinarily wiD absorb or characteristics for, for example, a liquid crystal device 

block light from being transmitted therethrough prior 23 10' or the like. 

to the application of an electric field across the encapsu- In a liquid crystal device, such as that shown in 10* in 

lated liquid crystal 11 and particularly across the liquid FIG. 3, which is comprised of liquid crystal material 20 

crystal material 20 thereof. including pleochroic dye to form encapsulated liquid 

Although the foregoing discussion has been in terms crystals 11 according to the invention, it has been dis- 

of a homogeneous orientation of the liquid crystal mate- 30 covered that the degree of optical absorbency is at least 

rial, such is not a requisite of the invention. All that is about the same as that of relatively free (unencapsu- 

required is that the interaction between the capsule and lated) liquid crystal material, including pleochroic dye 

the liquid crystal produce an orientation in the liquid such as that shown in FIG. L It also has been discov- 

crystal that is generally uniform and piecewise continu- ered unexpectedly that when the electric field is applied 

ous, so that the spatial average orientation of the liquid 35 in the manner illustrated in FIG. 6, for example, the 

crystal material over the capsule volume is generally clarity or lack of opaqueness of the encapsulated liquid 

focal conic and there is no substantial parallel direc- crystal material 20 including pleochroic dye is at least 

nonal orientation of the liquid crystal in the absence of about the same as that of the ordinary case in the prior 

an electric field. It is this orientation that results in the art device 1 having dye in solution with relatively free 

absorption/scattering and polarization insensitivity. 40 liquid crystal material. 

However, when an electric field is applied across the It is important that electrical field £ shown in FIG. 6 

encapsulated liquid crystal 11 in the manner illustrated is applied to the liquid crystal material 20 in the capsule 

in FIG. 6, the liquid crystal and any pleochroic dye in 22 for the most part rather than being dissipated or 

solution therewith will align in response to the electric dropped substantially in the encapsulating material of 

field in the manner shown in such figures. Such align- 45 which the capsule itself is formed. In other words, it is 

mem permits light to be transmitted through the encap- important that there not be a substantial voltage drop 

sulated liquid crystal 11, for example as described above across or through the material of which the wall 54 of 

with reference to FIGS. 2, 3 and 4. the capsule 22 is formed; rather, the voltage drop should 

When the electric field is removed, the alignment of occur predominantly across the liquid crystal material 
the liquid crystal as shown in FIG. 6 remains. The appli- 50 20 within the volume 21 of the capsule 22. 

cation of heat to the liquid crystal as shown in FIG. 86 The electrical impedance of the encapsulating me- 

causes the liquid crystal to return to the distorted align- dium preferably should in effect be sufficiently larger 

ment illustrated in FIG. 5. than that of the liquid crystal material in the encapsu- 

To optimize the contrast characteristics of a liquid lated liquid crystal 11 so that a short cir c uit will not 
crystal device, such as that shown at 10' in FIG. 3, 55 occur exclusively through the wall 54, say from point A 
comprised of encapsulated liquid crystals 11, and more via only the wall to point B, bypassing the liquid crystal 
particularly, to avoid optical distortion, due to refrac- material Therefore, for example, the effective impe- 
tion of incident fight passing from the encapsulating dance to induced or displacement current flow through 
medium into the liquid crystal material and vice versa, or via the wall 54 from point A only via the wall 54 to 
of the encapsulated liquid crystal 11 of FIG. 6, the index 60 point B should be greater than the impedance that 
of refraction of the encapsulating medium and that the would be encountered in a path from point A to point 
ordinary index of refraction of the liquid crystal mate- A' inside the interior wall surface 50, through the liquid 
rial should be matched so as to be as much as possible crystal material 20 to point B' still within the volume 21, 
the same. The closeness of the index matching will be thence ultimately to point B again. This condition will 
dependent on the desired degree of contrast and trans- 65 ensure that there will be a potential difTerence between 
parency in the device, but the ordinary index of refrac- point A and point B, which should be large enough to 
tion of the crystal and the index of the medium wfll produce an electric field across the liquid crystal mate- 
preferably differ by no more than 0.03, more preferably rial that will tend to align it It will be appreciated that 
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due to geometrical considerations, namely the length the dielectric constant (coefficient) of the wall 54 be no 
through only the wall from point A to point B, for lower than the lower dielectric (coefficient) of the am- 
example, that such a condition can srJD be met even sotropic liquid crystal material 20 to help meet the 
though the actual impedance of the wall material may above conditions. Since a typical lower dielectric con- 
be lower than that of the liquid crystal material con- 5 stant for liquid crystal material is about 6. This indicates 
tamed therein. that the dielectric constant of the encapsulating material 

The dielectric constants (coefficients) of the material is preferably at least about & Such value vary 

of which the encapsulating medium is formed and of widely depending on the liquid crystal material used, 

which the liquid crystal material is comprised and the being, for example, as low as about 3.5 and as high as 

effective c ap aci t an c e values of the capsule wall 54, 10 about 8 in the commonly used liquid crystals 

particularly in a radial direction, and of the liquid ays- The encapsulated liquid crystal 11 has features such 

tal material across which the electric field E is imposed ^ the liquid crystal structure is distorted and 

should all be so related that the wall 54 of thecapsule22 ^nce the pleochroic dye similarly is distorted, absor- 

does not substantially decrease the magnitude of the bency or blockage of light transmission through the 

applied [electric field E. 15 encapsulated liquid crystals wiD be mgMy effective. On 

A schematic decmc circuit diagram represent^ the other hand, due both to the efficient application of 

orctm across which the decmc field E of FIG. 6 is m electric fidd across the liquid crystal material 20 in 

T^^T**? m 7 ;7^ ^ the encapsulated liquid crystal 11 to align the liquid 

derived from the voltage source 16 when the switch 17 cr ^ mo j ecu ies and the dye along therewith as well as 

fuf^ t^T 107 i'ST*?* Ca| f C ^fif e °i 20 the above described preferred index of refraction 
^md crystal matenalMm &e encapsulated hqmd ic . of tr^ encapsulating medium and of the 

cr * Stal " ZZf^J^-r^ * T h t m ^ "quid crystal materiaC^TbcWent light will not be 
inanner iDustrated m Fia 6. The capacitor 71 repre- %^*benX * ^ mterfacc between the capsule 
sents the capacitance of the waD 54 of the capsule 22 at « r- j ^ v ^ ■ • * - * <•» ^ , 
an upper ^T(the direction conveniently referring to 23 J* *! the hq^ crystal material 20 wbenjmdec- 
the Rawing but having no other partcular meanmg) m '™ d * ^^^^"^ Itqmd orystal 11 
and is, accordingly, curved m a ma^er siniUar to that wDl have a good optically transrmssive cr^rartenstic. 
of the upper portion of the capsule 22 of FIGS. 5 and 6. P*"™*** encapsulated hqmd crystals 11 

The capacitor of the lower similarly represents the ordinarily is required to construct a final hqmd crystal 
capacitance of the lower portion of the capsule exposed 30 device, such as the device W of FIG. 3. and smce those 
to the dectric field E. The magnitudes of capacitance encapsulated hqmd crystals are ordinarily present m 
for each capacitor 70-72 will be a function of the didec- il » ***** f <* *f H(mid crvstal mate - 

tric constant (coefficient) of the material of which the **** to ***** a relativdy high dtdectnc amsotropy in 
respective capacitors are formed and of the spacing of orde £ to reduce the voltage requirements for the dec- 
the effective plates thereof. It is desirable that the volt- 35 trie fidd E. More specifically, the differential between 
age drop occurring across the respective capacitors 71, ^ dielectnc constant (coefficient) for the liquid crystal 
72 will be less than the voltage drop across the capaci- material 20 when no dectric fidd is applied which con- 
tor 70; the result, then, is application of a maximum sianl (coefficient) should be rather small, and the dielec- 
portion of the dectric fidd E across the liquid crystal tric constant (coefficient) for the liquid crystal material 
material 20 in the encapsulated liquid crystal 11 for 40 when an dectric field is applied, which constant (coeffi- 
achieving optimized operation, Le., alignment, of the ^ ould relativdy large, should be as large as 

liquid crystal molecules thereof with a minimum total possible consistent with the didectric of the encapsulat- 
energy requirement of the voltage source 16. However, m 8 medium. 

it is possible that the voltage drop in one or both capaci- ^ capsules 22 may be of various sizes. Also, when 
tors 71, 72 will exceed the voltage drop across capacitor 45 the capsule size is relativdy small, more capsules are 
70; this is operationally acceptable as long as the drop required per unit area of the layer 34, and, therefore, 
across the capacitor 70 (liquid crystal material) is great more dectric voltage drop losses will occur in the en- 
enough to produce an electric field that tends to align capsulating medium than for larger size capsules, the 
the liquid crystal material to and/or toward the field-on density per unit area of which would be smaller. Frefer- 
condition of FIG. 6, for example. SO ably, a device made with the encapsulated liquid crys- 

In connection with capacitor 71, for example, the tals 11, such as the liquid crystal device 1C, should use 
didectric material is that of which the wall 54 is formed capsules of uniform size so that the device 10* can be 
relativdy near the upper portion of the capsule 22. The energized or deenergized in a relatively uniform and 
effective plates of such capacitor 71 are the exterior and weD controlled manner. In contrast, when the capsules 
interior wall surfaces 73, 50, and the same is true for the 55 are of a non-uniform size, the non-uniform energization 
capacitor 72 at the lower portion of the capsule 22 rela- of the respective capsules, Le., alignment of the liquid 
tive to the illustration of FIG. 6, for example. By mak- crystal molecules of each, would occur upon applica- 
ing the wall 54 as thin as possible, while soil providing tion of the dectric fidd. Ordinarily the capsules 22 
adequate strength for containment of the liquid crystal should have a size on the order of from about 1 to about 
material 20 in the volume 21, the magnitudes of capaci- 60 30 microns in diameter. • 

tors 71, 72 can be maximized, especially in comparison Currently a suitable liquid crystal material is smectic 
to the rather thick or lengthy distance between the A phase material S2 sold by BDH Chemical, Pool, 
upper portion 74 of the liquid crystal material 20 of the England. Another suitable liquid crystal material may 
lower portion 75 thereof which approximately or equiv- be formed by mixing, in the proportions indicated in 
alently form the plates of the same number of the capac- 65 parenthesis, the following liquid crystals supplied by E. 
itors 70. Merck Chemicals, Darmstadt, West Germany: K24 

The liquid crystal material 20 wOl have a didectric (18.7%), K30 (27%), K36 (40.8%), ZLI 1840 (6.5%), 
constant value that is anisotropic. It is preferable that and CB15 (7%). 
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The encapsulating medium forming capsules 22 lecrrolytes. These media may be used alone or in combi- 
shoukJ be of a type that is substantially completely unaf- nation with other polymers, such as PVA. 
fected by and does not react with or otherwise chem> Other examples and characteristics of several PVA 
caDy affect the liquid crystal material. In particular, the materials are shown in Table I. 
liquid crystal material should not be soluble in the en- 5 An emulsion method for making encapsulated liquid 
capsulating medhnn or vice versa. The other character- crystals 11 may include mixing together the encapsulat- 
istics described above concerning dielectric constants ing medium, the liquid crystal material (i nc lu ding , if 
(coefficients) and indices of refraction with respect to used, the pleochroic dye material), and perhaps a car- 
the liquid crystal material and to the encapsulating me- rier medium, such as water. Mixing may occur in a 
dium also constrain materia] selection. Moreover, when 10 variety of mixer devices, such as a bl end e r , a colloid 
a pleochrok dye is employed, the encapsulating me- null, which is most preferred, or the like. What occurs 
dium also should be unaffected by and should not affect during such mixing is the formation of an emulsion of 
the dye material On the other hand, the dye should be the ingredients, which s u b seque n tly can be dried ehmi- 
soluble in the liquid crystal material and not subject to nating the carrier medium, such as water, and satisfacto- 
absorption by the encapsulating m^tinm Additionally, 15 rily curing the encapsulating medium, such as the PVA. 
to achieve the desired relatively high impedance for the Although the capsule 22 of each thusly made encapsu- 
encapsulating medium, such medium should have a lated liquid crystal 11 may not be a perfect sphere, each 
relatively high level of purity. Especially when the capsule wfll be substantially spherical in configuration 
encapsulating medium is prepared as an aqueous disper- beca u s e a sphere is the lowest free energy state of the 
sion or by ionic polymerization, eta, h is important that 20 individual droplets, globules or capsules of the emul- 
the level of ionic (conductive) impurities should be as sion, both when originally formed and after drying 
low as possible. and/or curing has occurred. 

TABLE 1 

TEMPERATURE 

CONTAINMENT MEDIUM % MOLECULAR * 

VISCOSITY HYDROLYZEP Wgi % SOLUTIONS 



20-30 


4-6 


88.7-85-5 


10,000 


4% at 20' C 


Gdvatol by 


CPS 








Monsanto Company 








4% at 20" C. 


40-20 


2.4-3 


77-72.9 


3,000 


Gdvatol by 


CPS 








Monsanto Company 








4% at 20* C 


523 


21-25 


&7-89 




Air Products and 










Chemicals, Inc. 










72-60 


55-60 


99-100 




4% at 20" C 


Elvanol by 










DuPont Company 








4% at 20* C 


403 


. 2-4 


80-82 




Povd, by 


CPS 








Kurashiki 











Examples of pleochroic dyes that may suitably be 
used in the encapsulated liquid crystals 11 in accordance 
with the present invention are indophenol blue, Sudan 
black B, Sudan 3, and Sudan 2, and D-37, D-43 and 
D-85 by E. Merck identified above. 45 

Polyvinyl alcohol (PVA), which has been found to 
have the desired properties mentioned above, may be 
utilized as an encapsulating medium when the encapsu- 
lation is performed by emulsificarion. PVA has a good, 
relatively high, dielectric constant and has an index of 50 
refraction that is relatively closely matched to that of 
the preferred liquid crystal material. 

To purify PVA, the same may be dissolved in water 
and washed out with alcohol using a precipitation tech- 
nique. Other techniques also may be used for purifying 55 
PVA so that it will have minimum salt or other content 
that would reduce appreciably the electrical impedance 
thereof. A preferred purified PVA is Gelvatol sold by 
Mansanto. If PVA is properly purified, as aforesaid, it 
will serve well as its own emulsifier and as a wetting 60 
agent for facilitating the manufacture of encapsulated 
liquid crystals according to this method which will be 
described below. Other types of encapsulating medium 
may be, for example, gelatin; Carbopole; (a carboxy 
polymethylene polymer of B.F. Goodrich Chemical 65 
Corporation) Gantrez; (polymethyl vinyl ether/maleic 
anhydride) of GAF Corporation, preferably reached 
with water to form the acid, the latter two being polye- 



Another encapsulating medium is latex Latex may be 
a suspension of natural rubber or synthetic polymer or 
copolymer particles. A latex medium is formed by dry- 
ing a suspension of such particles. A further explanation 
of the latex medium and methods of making the same 
are provided in U.S. Pat No. 4,992^01, in the name of 
Pearlman, entitled LATEX ENTRAPPED NCAP 
LIQUID CRYSTAL COMPOSITION, METHOD 
AND APPARATUS, and which disclosure is hereby 
incorporated by reference. 

Briefly, latex entrapped liquid crystal may be formed 
by mixing a suspension of latex particles and liquid 
crystal material wherein the liquid crystal material has 
been previously emulsified in an aqueous phase. Alter- 
natively, all components may be combined prior to 
emulsifying the liquid crystal material. The mixture 
may then be applied to a substrate. As the mixture dries, 
h adheres to the substrate. When dried, the latex parti- 
cles form a latex medium with particles of liquid crystal 
dispersed therein. 

It is noted here that the characteristic of the pleo- 
chroic dye that it must be soluble in the liquid crystal 
materia] and that it not be subject to absorption by the 
water phase or polymer phase assures that such pleo- 
chroic dye will not be absorbed by the PVA, latex or 
other encapsulating medium or by the carrier medium, 
such as the water, used during the manufacturing pro- 
cess for the encapsulated liquid crystals 11. 
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PYATurPi P accordance the present invention the quanti- 

EXAMFLE 1 ties of ingredients for making the encapsulated liquid 

A liquid crystal material having a smectic phase was crystals 11, for example in the manner described above, 
formed by mixing the following liquid crystal materials, may be, as follows^ 

available from E. Merck Chemicals, Darmstadt, W. S The liquid crystal material — This material may be 
Germany: from about 5% to about 20% and preferably about 50% 

(and in some circumstances even greater depending on 

! JJ^ the nature of the encapsulating material) including the 

K30 274% pleochroic dye of the total solution delivered to the 

K36 40.8% 10 mixing apparatus, such as a colloid mill. The actual 

^jj 1 ^ 840 £o% - 810011111 °* liquid" crystal material used should ordinarily 

— exceed the volume quantity of encapsulating medium, 

eg., PVA to optimize the capsule size. 

In order to insure good mixing, the components were pvA— The quantity of PVA in the solution 
dissolved in chloroform. The resulting temperature 15 should be on the order of from about 5% to about 50%, 
range was: and possibly even greater depending on the hydrolysis 

and molecular weight of the PVA, and preferably, as 

<r c to 46" C smecoc a described above, about 22%. For example, if the PVA 

46* c to 48* c chotateric jo bas too large a molecular weight, the resulting material 

will be like glass, especially if too much PVA is used in 

The smetic liquid crystal (SIX) mixture was emulsi- the solution. On the other hand, if the molecular weight 
fied in a polymer solution which contained 92.5% PVA is too low, use of too little PVA wfll result in too low a 
20/30 (available from Airco, AHentown, Pa.) in an 80% viscosity of the material, and the resulting emulsion 
water solution, 5% Gantrez 169 (89% water solution) 25 solidify adequa te ly to the desired spherical encapsu- 
and 2.5% glycerol. lated liquid crystals. 

The ratio of SLC mixture to PVA matrix was 1:2. Carrier medium — The remainder of the solution 
The resulting emulsion was coated onto a Mylar fUm would be water or other, preferably volatile, carrier 
which bad been previously evaporated with indium tin medium, as described above, with which the emulsion 
oxide (ITO). Use of a 2 mil-spaced doctor blade resulted 30 can be made and the material laid down appropriately 
in a dry film thickness of 0.5 mils. on a substrate, electrode or the like. 

The film was laminated to a second piece of ITO- 
coated Mylar, then placed in an oven at 100" C for one EXAMPLE 5 

hour. The result was a liquid crystal cell which was A method of making latex entrapped smectic liquid 
activated at 100 VDC, Le., it became transparent. When 35 crystal ^ comprise adding 0.03 grams of the surfac- 
the field was removed, the film remained transparent. tant Igepo] CQ720 (available through GAP, N.Y., NY) 
Lesser voltages resulted in somewhat fewer degrees of ^ 0 03 grQms of ^ surfactant DOW 5098 (available 
ahgnment. In all cases, the liquid crystal emulsion re- ^ Midland, Mich.) to 2.09 grains 

mained in a state of activation When the fUm was $2 $mectic u ^ (available through 

heated to 46 C. or above Oieat-to^rase) its transition 40 BDH chemical Pool, England), and thereafter heating 
temperature, it returned to its original state, i.e., scatter- ^ to ^ isotro^c temperature to dissolve 

mg * it The mixture may then be cooled to room tempera- 

EXAMPLE 2 tore (24° C) and 0.5 grams of MeCb added to dissolve 

Materials and procedure same as in Example I, and 45 h - 1*** 3 0 of NeoTez R ' 967 (available through 
further, M141, a 3% blue dye (available from Mitsui Polyvinyl Chemicals, Wellington, Mass.) containing 
Toatsu Chemicals, Tokyo, Japan) was added to the ^% of latex particles by weight may be added and 
above mixture, using chloroform as a solvent- mixed with an impeller blade at 2400 RPM for 3 min- 

When the electric field was applied to the cell, the «les. Thereafter, 0.2 grams of a 5% solution of the 
color changed from dark opaque blue to light transpar- 50 cross-linking agent Tyzor LA (available through Du- 
ent blue. Pont, Wilmington, Del.) is added with slow mixing at 

TTYA VIPT T 850111 300 RPM ' 

EXAMPLE 3 The resulting temperature range was: 
Same as Example 2, but a 3% yellow dye (G232 from 

Mitsui Toatsu Chemicals) was added. As a result, the 55 ; 

cell changed from a dark opaque orange to a light trans- * £ 10 *f * imecuc J 

48 C.tO 49 C wtTTtartr- 



parent yellow when the electric field was applied. above 4r c isotropic 

EXAMPLE 4 1 
A liquid crystal mixture was made which contained 60 With no field, incident light was scattered. The liquid 
three parts K24 and one part CE3, both liquid crystals crystal was in the nematic phase when heated to about 
available from E. Merck. The resulting material was a 48* O, its transition temperature. An applied electric 
smectic C at room temperature (24* C), but became field permitted light to be transmitted through the liquid 
smectic A at 58*. The smectic A became cholesteric at crystal. The liquid crystal was cooled to room tempera- 
68. 1 *. At 76.6* the material became isotropic. 65 ture and the field was removed. Light was still transmit- 

When an electric field of 60 V was applied to the ted through the liquid crystal. To cause scattering, the 
resulting cell, it became transparent and the transpar- liquid crystal was again heated to its transition tempera- 
ency remained until it was heated to about 76.6°. ture of about 48° C. 
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Same as Example 5 but a \% Bl blue dye (available 
through E. Merck) was added to the 32 liquid crystal 
material. As a result, when an electric field was applied, 5 
the color changed from opaque blue to light transparent 
blue. 

It will be appreciated that since the uncured capsules 
or droplets of encapsulating medium and liquid crystal 
material are carried in a liquid, various conventional or 10 
other techniques may be employed to grade the cap- 
sules according to size so that the capsules can be re- 
formed if of an undesirable size by feeding again 
through the mixing apparatus, for example, and so that 
the finally used capsules will be of a desired uniformity 15 
for the reasons expressed above. 

Although an encapsulation technique has been de- 
scribed with reference to emulsificatkm, since the fact 
that the encapsulant material and binder are the same 
makes facile the production of liquid crystal devices; 20 
the preparation of discrete capsules of the liquid crystal 
material may on occasion be advantageous, and the use 
of such discrete capsules (with a binder) is within the 
contemplated scope of this invention. 

Although certain specific embodiments of the inven- 25 
tion have been described herein in detail, the invention 
is not to be limited only to such embodiments, but rather 
only by the appended claims. 

What is claimed is: 

1. A liquid crystal apparatus, comprising: 30 
a liquid crystal material having a smectic A phase and 
a non-smectic phase, the liquid crystal material in 
the smectic A phase exhibiting either a distorted 
alignment state or a light-transmissive state; 
a containment means having discrete volumes for 35 
confining the liquid crystal material and said vol- 
umes having curved surfaces for inducing a gener- 
ally distorted alignment of the liquid crystal mate- 
rial when the liquid crystal material is in the non- 
40 



smectic phase and when no electric field is applied 
thereto, the distorted alignment at least one of 
scattering and absorbing light; 
means for selectively applying an electric field across 
the liquid crystal material so the liquid crystal ma- 
terial is selectively swttchable between the dis- 
torted alignment state where light is at least one of 
scattered and absorbed and the right transmissive 
state, the light transmissive state retnaming after 
removal of the electrical field when the liquid crys- 
tal material is in the smectic A phase; and 
means for applying heat to the liquid crystal material 
in the smectic A phase to put it in the non-smectic 
phase so the distorted alignment state can occur 
during a time in which no electric field is applied to 
the liquid crystal material. 

2. The invention of claim 1, further comprising sub- 
strate means for supporting a layer of said liquid crystal 
material and said containment nw 1 ^ 

3. The invention of claim 1, said liquid crystal mate- 
rial in the smectic A phase being optically anisotropic, 
and wherein the difference between the ordinary index 
of refraction of said liquid crystal material in the smec- 
tic A phase and the index of refraction of said contain- 
ment means is no more than about 0.03. 

4. The invention of claim 1, wherein said liquid crys- 
tal material in the smectic phase A has a positive dielec- 
tric anisotropy. 

5. The invention of claim 1, said containment means 
comprising a solid medium forming individual capsules 
as said volumes. 

6. The invention of claim 1, said containment means 
comprising a solid medium forming individual intercon- 
nected capsules as said volumes. 

7. The invention of claim 1, said containment means 
comprising a dried stable emulsion. 

8: The invention of claim 1, further comprising pleo- 
chroic dye mixed with said liquid crystal material. 
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Specification 

1. Title of the Invention 

Electrophoretic Display Device 

2. Claims of Patent 

(1) An electrophoretic display device wherein the space between a pair of opposing electrode plates at least one 
of which is transparent is filled with a disperse system containing, electrophoretic- particles, and the state of 
distribution of the electrophoretic particles in the disperse system is changed under the action of a display- 

1 ILS Note - An alternative way of reading this personal name.is.Shu. •:: i 1. .... ... 

2 ILS Note - Despite an exhaustive search of available resources, we were unable to verify the Official company name. 
Phonetic translation is provided. Hereafter denoted as/. 

3 ILSNote- Alternative ways of reading tr is pereonafnam^^ - - -vy b< 
MLS Note - An alternative way of reading this personal name is i koshir : : " ' 
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controlling voltage applied across said electrodes in order to change the optical reflection properties and thereby 
to induce a specific display operation; in which are provided numerous microcapsules filled with a disperse 
system in which is dispersed, in a colored dispersion medium, at least one kind of electrophoretic particles the 
optical characteristics of which differ from those of said dispersion medium; with said device configured such 
that these microcapsules are arranged between the abovementioned electrode plates. 

(2) An electrophoretic display device of Claim (1) of the present invention, wherein the volume resistivities of 
the abovementioned disperse system and microcapsules are for practical purposes the same. 



3. Detailed Explanation of the Invention 
(Field of Industrial Application) 

The present invention concerns a display device utilizing electrophoretic particles; more precisely, it 
concerns an electrophoretic display device in which individual microcapsules are filled with a disperse system in 
which electrophoretic particles are dispersed in a dispersion medium, and these microcapsules are placed in the 
space between electrode plates. 

(Prior Art and Problems Therewith) 

In this type of electrophoretic display device using electrophoretic particles, the space between a pair of 
opposing electrode plates at least one of which is transparent is filled with a disperse system in which 
electrophoretic particles are dispersed in a liquid dispersion medium, and the electrophoretic particles in the 
dispersion medium are made to adhere to or be repelled from the transparent electrode plate side according to the 
polarity of said electrode plates, so that by controlling said polarity, any desired characters, symbols or figures 
can be displayed. As the liquid dispersion medium used in the disperse system, an alcohol solvent, various esters, 
aliphatichydrocarbons, alicyclic hydrocarbons, aromatic hydrocarbons, halogenated hydrocarbons, or various 
other hydrocarbons may be used either individually or in an appropriate mixture, with a surfactant added in an 
appropriate quantity. As the electrophoretic particles, carbon black, iron blue^, phthalocyanine green, and other 
materials are known as general-use materials. 

Figure 2 is a conceptual cross-sectional diagram of the main components of the electrophoretic display 
device in question. Here 1 and 2 are respectively glass sheets or some other transparent material, and transparent 
electrodes formed in the required pattern on one side; the space between this pair of transparent electrodes 2, 
placed to oppose each other, is filled with a disperse system 10 containing electrophoretic particles. In a' 
construction in which the disperse system 10 simply fills the space between the electrodes, coagulation of the 
electrophoretic particles and adhesion phenomena may cause display unevenness; as methods of preventing such 
occurrences, constructions are known in which mesh-shaped spacers? 9 with numerous holes of an appropriate 
shape 9A as shown in Fig. 3, or perforated spacers 9 with numerous penetrating holes, are placed between the 
two electrodes 2, in order to divide the disperse system 10 into discontinuous areas and thereby stabilize the 
display operation. 

In an electrophoretic display device provided with said perforated spacers 9, after placing said perforated 
spacers 9 between both transparent electrodes 2, e^ch of the penetrating holes 9A formed in the perforated spacer 
9 is filled with the disperse system 10; however, it is extremely difficult to uniformly fill the numerous 
penetrating holes 9A with the disperse system 10. One method which maybe to tfrip the 'disperse 

6 ILS Note -Alternative translations for this term are "Milori biue" and "aavy biue. n 1 ' ~" z ;; :ilK " 

7 ILS Note - Although we have assumed that this term is plural, the Japanese text does not explicitly state whether multiple 

spacers are used. r 
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system 10 onto or apply the disperse system 10 to each of the penetrating holes 9A after the perforated spacers 9 
are formed on one of the transparent electrodes 2; but the dispersion media generally used in the disperse system 
10 are easily vaporized, so that when using this method the characteristics of the disperse system 10 change and 
it is difficult to maintain reproducibility. 

(Purpose of the Invention and Constitution) 

Instead of using the above-described perforated spacers or similar parts, the present invention employs a 
method in which the disperse system is enclosed in microcapsules in advance. By this means an electrophoretic 
display device is offered in which the various above-described problems relating to the disperse system filling 
the space between transparent electrodes are satisfactorily eliminated, the process of inserting the disperse system 
is simplified, and good-quality electrophoretic display operation, including display of arbitrary colors, can be 
achieved reliably. 

In order to attain this goal, in the electrophoretic display device of the present invention, the space 
between a pair of opposing electrode plates at least one of which is transparent is filled with a disperse system 
containing electrophoretic particles, and under the action of a voltage for display control which is applied across 
said electrodes, the distribution states of the electrophoretic particles within the dispersive system are changed, to 
alter the optical reflection properties and induce so-called display operation; and in this device are formed 
numerous microcapsules, which are filled with a dispersive system consisting of a colored dispersion medium in 
which are dispersed at least one type of electrophoretic particle with optical properties differing from said 
dispersion medium, with said microcapsules arranged between the abovementioned electrode plates. Here it is 
desirable that the volume resistivities of the abovementioned dispersive system and the microcapsule film are 
practically equal. 

(Embodiment) 

The present invention is explained in further detail below, referring to the embodiment shown in Fig. 1. 
In the figure, numerous microcapsules 3, each filled in advance by a microcapsule process with a disperse system 
5 in which electrophoretic particles 4 are dispersed in a dispersion medium, are placed between the transparent 
electrodes 2 formed on the opposing surfaces of a pair of transparent sheets consisting of glass sheets or some 
other material. Here, the electrophoretic particles 4 of the disperse system 5 used to fill the microcapsules 3 may 
be, in addition to well-known colloidal particles, various other organic or inorganic pigments, dyes, metal 
powders, glass, resin or other fine powders, as appropriate. As the dispersion medium of the dispersive system 5, 
in addition to water, alcohols, hydrocarbons and halogenated hydrocarbons, various natural or synthesized 
hydrocarbons may also be used. To this dispersive system 5 may be added, as necessary, electrolytic materials, 
surfactants, metal soaps, resins, rubbers, hydrocarbons, varnish, compounds, and other charge-controlling agents 
consisting of particles, as well as dispersive agents, lubricants, stabilizing agents and other materials. Moreover, 
m addition to unifying the electric charge on the electrophoretic particles 4 undergoing electrophoresis at positive 
or negative charges and employing measures to raise the zeta potential or uniformly stabilize the dispersion, the 
adhesion to the transparent electrodes 2 of the electrophoretic particles 4 or the viscosity or other properties of 
the dispersion medium may be adjusted as appropriate. . , ■ 

The disperse system 5 with this composition is mixed thoroughly using a ball mill, sand mill, paint 
shaker or other appropriate means, and then a : suitable method, such as interfacial polymerization, 
insolubilization reaction, phase separation, or interfaofe1precipitatidn ? is used to enclose the disperse system 5 in 
microcapsules. Here, it is desirable that the Volume ^sistivities of the film of the microcapsules 3 and the 
disperse system 5 be for practical purposed th^ : same": - : 
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; Microcapsules 3 obtained by this means are arranged on one of the transparent electrodes using a roller 
printing technique, a spray technique or some other method, and this may then be combined with the other 
transparent electrode 2 to fill the space between the two electrodes 2 with the microcapsules. In addition to the 
above means of filling the space between the electrodes 2 with the disperse system 5 using microcapsules 3 a 
method can also be employed in which appropriate filling holes linking the two electrodes are used to inject 
appropriate quantities of microcapsules 3. 

In addition, for practical purposes it is desirable that the gaps between microcapsules 3 and the gaps 
between electrodes 2 and microcapsules 3 be filled via injection holes 6 with a material 7 which is chemically 
stable with respect to the microcapsules 3, and has for practical purposes the same refractive index and volume 
resistivity, as shown in Fig. 1. Here 8 denotes end sealing material. 

(Effects of the Invention) 

In an electrophoretic display device of the present invention, as has been described, the disperse system 
is encapsulated in microcapsules in advance, and these microcapsules are arranged in a plane between the 
electrodes used for display control. Consequently, there are at least the following advantageous results. 

Because the composition of the disperse system in microcapsules is maintained to be uniform, 
coagulation of the electrophoretic particles or adhesion to the electrodes as in devices of the prior art are 
eliminated, and uniform and stable display operation is possible. 

The device is constructed such that microcapsules are arranged between the electrodes used for display 
control, so that handling of the disperse system and processes for filling the space between the electrodes with 
the disperse system during assembly can be greatly improved without the need to consider adverse effects on the 
disperse system, to obtain an electrophoretic display device with satisfactory characteristics. 

In encapsulating the disperse systems in microcapsules in advance, it is possible to produce disperse 
systems with various display colors, and appropriately arrange microcapsules with these different display colors 
to configure a desired color display; in doing so, no barrier walls or means of partitioning are needed. 

4. Brief Explanation of the Drawings 

Figure 1 is a conceptual cross-sectional diagram of the main components of an electrophoretic display 
device provided with microcapsules filled with a disperse system, according to the Embodiment of the present 
invention; 

Figure 2 is a conceptual cross-sectional diagram of the main components of an electrophoretic display 
device of the prior art, provided with perforated spacers; and, 

Figure 3 is a partial explanatory isometric diagram of an example of the construction of a perforated 

spacer. 

I: Transparent material 

2: Transparent electrode 

3: Microcapsule 

4: Electrophoretic particles 

5: Disperse system 

9: Perforated spacer 

10: Disperse system 
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